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ABSTRACT OF THE DISSERTATION 
Effect of Pollution on Genetic Diversity 
in the Southern California Bight 
by 
Xiao Li Ma 
Doctor of Philosophy, Graduate Program in Biology 
Loma Linda University, December, 1999 
Dr. David L. Cowles, Chairperson 
Two intertidal invertebrate species, M galloprovincialis and Balanus glandula, were 
collected from seven different bay sites along the Southern California coast to test if 
environmental contamination is associated with the decrease of genetic diversity at the 
population level. Collections were made at three relatively pristine "clean" sites and four 
"impacted" sites which were exposed to heavy industrial or boating activity and which 
had previously, been identified as having measurable levels of pollution. The "Comet" 
assay (Single Cell Gel electrophoresis) was performed to measure single-strand DNA 
breaks in mussels at several of the sites in order to confirm differing impacts of pollution 
on the animals at the different sites. In this assay, cells in impacted populations with 
increased DNA damage displayed increased migration from the nuclear region towards 
the anode during electrophoresis. Genetic diversity at the different sites was assessed by 
comparing fragment polymorphisms generated from genomic DNA by RAPD-PCR 
(Randomly Amplified Polymorphic DNA - Polymerase Chain Reaction). All populations 
exhibited a large amount of genetic diversity and were genetically similar to each other. 
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exhibited a large amount of genetic diversity and were genetically similar to each other. 
However, several different measures of diversity indicated that for most primers, the 
populations of both species from impacted sites had lower genetic diversity compared to 
populations from clean sites. Individuals at impacted sites were more likely to share the 
same haplotypes than were those from clean sites. Few bands seen in the clean 
populations were absent from the impacted populations or vice versa, but a number of 
bands which were common in the clean site populations were significantly less common 
in the impacted populations. Together, these results suggest that pollution at the 
impacted sites may act as a selection force decreasing genetic diversity among the 




The Impact of Pollution on Marine Species 
In recent years, the effects of pollution on populations of living organisms have attracted 
a great deal of attention. Many different pollutants, such as heavy metals, polycyclic 
aromatic hydrocarbons (PAEls), halogenated organic compounds - polychlorinated 
biphenyls (PCBs), and pesticides run down rivers, creeks, and drains and end up in the 
ocean. In the ocean, marine organisms may be exposed to pollutants by multiple 
pathways such as by respiration of the polluted water, by direct contact with toxins in the 
water or sediments (Donazzolo et al., 1984), or by ingesting prey which contain toxins. 
Some contaminants, such as phosphate, nitrate and particulates may have an immediate 
observable effect such as a decrease in the abundance of individuals or in the balance of 
species within a community (Swartz et al., 1986; Ferraro et al., 1991; Wu et al., 1992; 
Maurer et al., 1993). Alternatively, many anthropogenic compounds or metals (called 
xenobiotics) may remain in the ecosystem for some time and accumulate in the tissues 
(Grieg and Sennefelder, 1985) without obvious acute toxicity. Over time, however, these 
xenobiotics may exert far-reaching effects on many marine organisms and communities. 
Many different morphological and physiological effects of xenobiotic pollution on salt 
water organisms have been previously documented. Pesticides and heavy metals (such as 
mercury and copper), for example, inhibit the formation of byssal-threads of mussels 
(Marris et al.,1980). TBT (tributyltin, used in antifouling paints) causes imposex 
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(reproductive abnormalities) and shell thickening in mollusks (Dyryhda, 1992; Reish, et 
al.., 1993). Copper causes abnormal morphometry of the opercular plates of barnacles, 
and cadmium affects the carbon and energy balance of mudsnails (Forbes et al., 1992). 
Ross et al. (1996) reported a significant reduction and impairment of natural killer (NK) 
and specific T cells in seals and other marine mammals when they were fed on fish 
contaminated by PCBs and PAHs. Similar immune suppressive or immunotoxic effects 
of heavy metals and PAlls have been observed in mussels, oysters, fish, and whales 
(Faisal et al.,1991; De L. Swart et al.,1994). It was also reported that high body burdens 
of PCBs and DDTs seem to have caused skull-bone lesions and occlusions of the uterus 
in grey seals in the Baltic Sea because of oil spills from coastal ship traffic and discharges 
from offshore petroleum activity (Jenssen,1996). Numerous other effects have been 
reported as well and are reviewed in Reish et al.(1993). 
Besides these ecological, morphological, histological, and immunological changes, less 
easily observed but no less pervasive adverse effects from pollution have begun to be 
documented at the molecular level as well. Several recent studies have been done using 
molecular techniques (Livingstone, 1984) and the data have shown significant correlation 
between the degree of environmental contamination and change in genetic structure (as 
measured by gene frequencies within the population) of affected populations. For 
example, Battaglia et al.(1980) found that in some polymorphic isozyme loci in Mytilus 
(mussels), changes in gene frequencies are related to the degree of petroleum pollution. 
The effects of zinc and copper pollution on the allozymic variation of PGI (glucose-6-
phosphate isomerase) genotypes and mercury selection of PGI and AP (aminopeptidase) 
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in marine organisms have also been described (Nevo et al., 1984,1987). Patamello's 
research (1991) showed that a mixture of heavy metals (Cu, Cd, Fe, Zn and Hg) had the 
effect of decreasing heterozygosity at some loci in barnacles. The recently developed 
single-cell gel or "Comet" assay used for measuring DNA strand breaks as a biomarker of 
environmental contamination has revealed that DNA damage from both marine and 
freshwater mussels exposed to even low levels of heavy metals, petroleum hydrocarbons 
such as benzo[a]pyrene (BP), chlorinated hydrocarbons, chlorinated pesticides, and 
radionuclides (Vukmirovic, 1994; Ashby, et al., 1995; Black, et al., 1996; Steinert, 
1996). A study using the PCR technique revealed that a loss of genetic diversity occurred 
in Harpacticoida (Copepoda) near offshore platforms where the copepods were exposed 
to a mixture of aliphatic and aromatic hydrocarbons, trace metals, organic and inorganic 
carbon compounds, and a suite of hydrographic variables (Street et al., 1996, 1998). 
Clearly, then, the effects of pollution in the ocean are potentially pervasive and may affect 
marine species at all levels from ecological succession down to the most fundamental 
molecular and genetic levels of existence. 
The Southern California Bight (SCB) 
The Southern California Bight (SCB) is an area of ocean of about 78,000 km' which 
borders southern California. It encompasses that body of water stretching from Point 
Conception, north of the Santa Barbara Channel, to a point just south of the border 
between the United States and Mexico (Figure 1.1). The land adjacent to and draining 
3 
Figure 1.1. The Southern California Bight: Surface circulation of California Current, the 
California Countercurrent, and the California Undercurrent. 
into the SCB has been the site of some of the most intense urbanization and human 
activity on the west coast of the United States. In 1999 the U.S. portion of this region 
supported a population of 18 million, with a substantial additional population in Mexico. 
Clearly marine species in this area have the potential to be adversely affected by 
anthropogenic input from these large urban areas, as well as from the extensive ship 
traffic that traverses the area. A description of the physical and oceanographic properties 
of the SCB will set the stage for an examination of potential effects of pollutants in this 
region. 
A dramatic change in the angle of the coastline from North-South to East-West at Point 
Conception, coupled with the morphology of the southern California offshore coastal 
area, results in water circulation patterns and forcing mechanisms that differ significantly 
from other locations on the west coast of the United States. In particular, because of the 
bend in the coastline , the coastal wind stress is almost an order of magnitude lower in the 
SCB than it is on the central California coast. 
The primary surface current in this region is the California Current (Figure 1.1). This 
current flows southeastward off the central California coast with a maximum speed of 
about 10-15 cm 5-1 . It is relatively slow, but it is broad ( about 300 km). Another surface 
current is the Southern California Countercurrent. The mean surface circulation in the 
SCB is dominated by this poleward-flowing current. The flow of the Southern California 
Countercurrent up the coast is substantially blocked by the northern Channel Islands, and 
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the bulk of the current is diverted to the west where it merges with the California Current. 
This results in the formation of a counterclockwise-rotating gyre within the SCB ( except 
during the spring). Large variations are observed in the strength of these currents, with 
time scales ranging from hours to months. It is said that on occasion, such as during 
extreme fluctuation, the entire SCB might be flushed completely within a few weeks. 
More often flushing takes one to several months. 
Several other currents also have an effect on water circulation in the SCB. There is a net 
poleward flow beneath the California Current and the Southern California Countercurrent 
called the California Undercurrent. Typical speeds of this current are on the order of 10 -
20 cm s· 1 , with maximum speeds occurring over slope areas. The equatorial waters from 
the California Undercurrent have higher temperatures, higher salinities, higher phosphate 
concentrations and lower dissolved oxygen than are found in the overlying water. Also, 
in contrast to the net northward movement of much of the water in the southern 
California Bight, much of the shallowest surface water in the bight tends to move to the 
south. Due to these various currents and water movements, water is extensively 
circulated within the Southern California Bight. The properties of the water in the SCB 
represent a mixture of subarctic water carried equatorward into the region by the 
California Current and equatorial waters carried poleward by the California Undercurrent. 
Human Impact on the Southern California Bight 
The coastal region of SCB contains one of the most rapidly expanding urban complexes 
in the US. Approximately two-thirds of the population of this area reside in Los Angeles 
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and Orange counties. Intense development within the region has directly influenced the 
coastal waters in many ways. 
The major sources for pollution inputs into the SCB are municipal and industrial sources. 
The main transport paths of contaminants are waste outfall, river and storm runoff, 
atmospheric fallout, ocean dumping, direct industrial waste discharge and power plant 
thermal effluents (Southern California Coastal Waters Research Project (SCCWRP), 
1988; Dailey et al., 1993). Trace metals, heavy metals, chlorinated organics such as 
DDT, PCBs and PAHs (See Appendix 1, Glossary and Abbreviations) with widespread 
occurrence of detectable levels were found in the sediment or in mussels, fish, birds or 
other marine organisms and even in humans (California State Water Resources Control 
Board, 1982; Dailey et al., 1993; Bryant, 1999). The concentration of DDT is very high 
in some of the coastal waters of Los Angeles and Orange counties because hundreds of 
tons of DDT came directly from a chemical company in San Pedro between 1950 and 
1970 (Bryant, 1999). DDT was banned in the United States in 1972, production of PCB's 
was stopped in 1977 and open disposal of these substances was banned in 1979, but due 
to their stability and bioaccumulation (For example, the concentrations of mercury and 
chlorinated organics (DDT, PCBs and chlordane) increase with increasing trophic level), 
they are still being detected at high levels in animal tissues (Dailey et al., 1993; Bryant, 
1999). DDT and its byproducts such as DDE are still found in a huge plume of sediments 
near the former disposal points, causing the area off the Palos Verdes Peninsula to be 
listed as a superfund site by Environmental Protection Agency (EPA). The continued 
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introduction of DDT and PCBs into the world's oceans and their persistence there 
continue to be major environmental problems (Bryant, 1999). 
Impact of Pollution on Marine Species in the Southern California Bight 
Given the extensive nearshore urbanization, ship and boat traffic, known toxic dumping, 
and other utilization of the waters of the Southern California Bight, it is not surprising 
that marine species have been affected (Swartz et al., 1986; Ferraro et al., 1991; Dailey 
et al., 1993; Maurer et al., 1993). Fortunately, the marine community still appears to be 
thriving in most areas, and with the increased care given to prevent or limit pollution in 
recent years the prospects for future health may be even improving. The result of past 
instances of pollution is still clearly present in the sediments and water of many areas 
(BPTCP, 1998 a, b). However, with the intense urbanization and use of the waterfront a 
certain amount of continued impact is probably inevitable. Given the known pervasive 
effects of pollution on marine species, the question of how much negative effect the 
present levels of pollution are exerting on marine species remains. Are the species being 
changed in subtle ways because of the pollution, even in cases in which the pollution 
levels are not high enough to cause obvious changes in biomass or species composition? 
For example, are certain susceptible phenotypes being selectively eliminated from the 
population, reducing diversity and diminishing the populations' ability to adjust to future 
challenges? To address this question, I compared genetic diversity among populations 
which are more heavily exposed to pollutants with similar populations which have been 
less exposed within the SCB. Since the effects may be subtle, I used a sensitive 
molecular technique to assess diversity and chose species which are extensively exposed 
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to the water and so should be some of the first to show signs of pollution's impact. My 
choices of sites, species, and molecular assays are outlined in the following pages. 
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General Materials and Methods 
Study Sites 
In the choice of sites (Table 1.1; Figures 1.1 and 1.2), my goal was to choose a spectrum 
of sites which have similar oceanographic characteristics but as wide a difference 
possible in their exposure to pollution. This proved to be a challenge in the SCB because 
urbanization has become so extensive here. I chose to focus on harbors and bays because 
a number of these can be found in the SCB and because this is where human activity is 
often the most intense. I had little trouble finding heavily impacted harbors, but finding 
relatively pristine harbors to compare them with while staying within the SCB was more 
difficult. Fortunately, several such locations do exist, either in locations which for 
geographical and historical regions have been protected from urbanization (such as 
Catalina Harbor on Catalina Island), in small harbors which are not adjacent to major 
urban areas (such as Dana Point), or in regions closer to the harbor mouth where 
anthropogenic influences are less pervasive and the more thorough tidal flushing 
produces relatively pristine conditions (Newport Jetty and Dana Point). The four 
impacted sites I chose are Port Hueneme (Figure 1.3), two stations which I named "Fire 
station" and "Fire Boat", both of which are in the Los Angeles-Long Beach Harbor 
complex (Figure 1.4), and Balboa Island in lower Newport Bay (Figure 1.5). The three 
clean sites are an inner portion of Newport Jetty near the mouth of Newport Bay (Figure 
1.5), the outer channel of Dana Point Harbor (Figure 1.6), and the Isthmus Cove-Catalina 
Harbor area of Santa Catalina Island (Figure 1.7). Details of the history, hydrography, 
and known pollution at these sites are summarized in appendix 3. 
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Figure 1.2. Central portion of the Southern California Bight, with collection sites marked 
with an asterisk (*). Long Beach: Fire Station (#49) and Fire Boat (Fire Station #20). 
Newport: Newport Jetty and Balboa Island. 
11 
Figure 1.3. The collection site marked with an asterisk (*) at Port Hueneme Harbor, 
Ventura County. The northern arm of the harbor is used by the Navy, while the eastern 
arm is used by commercial ships. 
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Figure 1.4. The collection sites at Los Angeles Harbor and Long Beach Harbor: Fire 
Station (449) near East Basin Charnel, Los Angeles Harbor and Fire Boat (Fire Station 





Figure 1.5. The collection sites marked with an asterisk (*) at Newport Bay: Balboa 
Island inside the harbor and Newport Jetty near the bay mouth. 
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Figure 1.6. The collection site marked with an asterisk (*) at Dana Point: Outer Harbor. 
15 
Figure 1.7. The collection sites marked with an asterisk (*) at Catalina Island: Isthmus 
Cove and Catalina Harbor. 
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Table 1.1. Seven collection sites in the Southern California Bight (SCB). 
Site 
 
Location Characteristics  
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Species  
I chose two common species: the bay mussel Mytilus galloprovincialis Lamarck, 1819 
and the acorn barnacle Balanus glandula Darwin, 1854 as good indicator species for this 
experiment. A combination of several different criteria were used for selecting these 
species. First, they both are very common intertidal species in the area, are important to 
the intertidal community in terms of energy flow and biomass, and may even dominate 
large portions of the substrate. Second, they are sessile, so that the pollutant environment 
they have been exposed to can be more readily determined; Third, since they are filter 
feeders or planktivores and process large volumes of water each day, they are likely to 
encounter substantial amounts of pollutants. The mussel in particular processes large 
quantities of water per day, filtering out particulates and chemical compounds. Therefore 
mussels are considered to be an important indicator species, and are extensively 
monitored along the coast for toxins. Finally, they both have long-lived planktonic 
larvae, which together with the circulation characteristics of the SCB would produce a 
widespread dispersal of larvae within the bight, making the entire area a single deme. 
The Mediterranean Mussel M galloprovincialis is very similar to M edulis, therefore the 
taxonomic status of this warm water mussel has been debated since the 1860s (Gosling, 
1984; McDonald,1991 ; Seed, 1992). While it is regarded by some as a distinct species of 
Mytilus, especially on the basis of recent molecular evidence (Geller, et al., 1994), others 
have considered it merely as a variety of the large M edulis complex. 
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M galloprovincialis is believed to have diverged from M edulis when the Mediterranean 
Sea was cut off from the Atlantic during the Pleistocene ice age, about 1 - 2 million years 
ago (Barsotti and Meluzzi, 1968). Morphological distinction of M edulis and M 
galloprovincialis has been based primarily on subtle differences in external shell 
contours, internal features of the shell valves and the color of the mantle edge. 
Fortunately, it is now commonly agreed that Mytilus edulis is not found on the Pacific 
coast of the United States (Geller et al, 1994). The only two other Mytilus species found 
along this coast include the California mussel Mytilus californianus, which is larger and 
has distinct longitudinal ridges on the shell (McDonald, 1991), and Mytilus trossulus, 
which looks much like M galloprovincialis but is found north of San Francisco Bay 
(Geller et al, 1994). Mytilus galloprovincialis can therefore be readily identified in the 
Southern California Bight. 
Mytilus galloprovincialis mussels are filter feeders which feed on planktonic organisms 
and detritus particles. Along with the California mussel, it may become toxic during the 
summer months due to ingestion of dinoflagellates (Gonyaulax catanella) (Morris et al., 
1980). Spawning occurs in the late fall and winter along the central California coast. In 
southern California, some ripe males occur all year, but mature ova in females are found 
only from November through May. Eggs and sperm are released from genital ducts into 
the water where fertilization takes place. The planktonic stage is a feeding veliger larva. 
If the veliger does not find a suitable substrate it has the ability to delay settlement and 
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metamorphosis for several weeks (up to 40 days at 10 °C for M edulis) (Bayne, 1976). 
The duration of the pelagic larval life of mussels typically ranges from about one to four 
weeks and is contingent upon temperature, salinity, available ration, predation and other 
factors (Bayne, 1976). Larvae swim freely for about four weeks and settle mainly in the 
summer in southern California. After settlement, they grow to an average length of 76 
mm after 1 year and 96 mm after 2 years. Many factors, including temperature, salinity, 
food supply and tidal exposure, etc. may affect the growth of Mytilus. Environmental 
contaminants such as TBT, heavy metals and petroleum hydrocarbons can cause 
significant reductions in growth rate, often at exceedingly low concentrations (Seed and 
Richardson, 1990). There is a strong positive correlation between individual growth rate 
and the degree of heterozygosity measured at several polymorphic enzyme loci (Koehn 
and Gaffney, 1984). Reports of the life span in Mytilus vary from 4 to 24 years (Bayne, 
1976). Natural mortality can be caused by physical factors such as storms, temperature, 
desiccation, and excessive deposition of silt and by biological factors such as predators, 
parasites, pathogens and competitors for food and space (Hawkins and Brian, 1992). 
The barnacle Balanus glandula is a planktivore, collecting plankton or particles from a 
large volume of water each day by beating their feather-like feet or "cirri". Most are 
hermaphrodites but must be fertilized by a neighbor in order to reproduce (Brusca and 
Brusca, 1990). A retractable tube containing sperm can reach outside the shell as far as 
several inches to fertilize a nearby barnacle. B. glandula produces two to six broods 
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during the winter and spring in central and southern California (Morris et al., 1980). 
Barnacles develop through a sequence of naupliar stages, usually planktonic and 
planktotrophic, followed by a presettlement metamorphosis to a single cyprid stage, then 
by settlement of the cyprid and a post-settlement metamorphosis to the juvenile barnacle 
(Anderson, 1994). The planktonic nauplius larval stages typically last about 2 -4 weeks. 
Settlement occurs in all but the highest part of the intertidal zone in the spring (peak 
settlement) and summer (Morris et al., 1980). The cyprids of littoral species tend to swim 
in the uppermost 3 meters of the water column, and those of sublittoral species at greater 
depths. Growth rates after settlement are variable, but tend to be more rapid in the lower 
intertidal zone. B. glandula that settled in the spring are reproductive their first winter 
and may live up to 8 - 10 years. Basal diameters reach 7 -12 mm in 1 year, 10 -16 mm in 
2 years and 14 - 17 mm in 3 years, with maximum diameter of about 22 mm (Morris et 
al., 1980). 
Techniques  
My experiment required the use of two different assays. First, I needed a method for 
confirming that populations at my putative "clean" sites were in fact less affected by 
pollution than were those near municipal and industrial area "impacted" sites. For this I 
chose the Single-Cell Gel or "Comet" assay. Second, I needed a method for assessing 
genetic diversity. RAPD-PCR (Randomly amplified polymorphic DNA-Polymerase 
Chain Reaction) was employed for this task. 
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Estimates of genetic variation increasingly are being based upon information at the DNA 
level. The development of RAF'D markers by Welsh & McClelland 1990; Williams et al. 
1990 (also by Deragon 1992; Hadrys et al. 1992), has provided a powerful tool for the 
investigation of genetic variation among populations (Adamkewicz and Harasevvych, 
1994; Nusser et al., 1996). 
RAPD (Randomly Amplified Polymorphic DNA) is a specific application of the more 
general procedure called the polymerase chain reaction (PCR). Traditional PCR requires 
the sequence information of a target DNA for the design of two site-specific primers. 
The time and cost of obtaining this sequence information can be prohibitive for many 
genetic applications. 
In contrast, RAPD-PCR can quickly amplify genomic DNA from unlimited numbers of 
individuals using randomly constructed oligonucleotides as primers. RAPD-PCR is 
viewed as having several advantages over RFLP (Restriction Fragment Length 
Polymorphism) and DNA fingerprints. When the primers are of intermediate size (on the 
order of 10 base pairs), multiple amplifiable fragments from different loci are usually 
present for each set of primers in each genome. The fragments can be separated by size 
on a standard agarose gel and visualized by ethidiurn bromide staining, eliminating the 
need for radiolabeled probes. An unavoidable weak point of RAPD-PCR is that it 
cannot distinguish directly between the homozygous and heterozygous conditions. If one 
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of the "alleles" at a RAPD-PCR site is unamplifiable, then marker/marker homozygotes 
cannot be distinguished from marker/null heterozygotes. Since RAPD-PCR is sensitive 
to reveal genetic variation at multiple loci and relatively easy to apply to a wide array of 
plant and animal taxa, RAPD-PCR is commonly used for the study of the genetic 
variation within or between species despite the disadvantages. 
The Comet assay ( also called the SCG Single Cell Gel electrophoresis assay) is a 
method for detecting DNA damage in the form of strand breaks in individual cells. The 
original assay, described by Ostling and Johanson (1984) was based upon a neutral 
electrophoresis system which permits the detection only of double-stranded DNA breaks. 
However, since single-strand DNA break is 5 - 2000-fold more than double-stranded 
breaks (Bradley, et al., 1979), the alkaline condition was developed by Singh et al. (1988) 
to detect single-stranded breaks. With the introduction of the alkaline technique, the 
comet assay has become a powerful tool for studies of environmental toxicology, 
carcinogenesis and aging (Ames, 1983; Cerutti, 1985). 
The Comet assay is a rapid, simple and sensitive technique. It only requires a small 
number of cells (1 to 10,000 cells) for assessing chemically induced single-strand DNA 
breakage in individual cells or directly evaluating levels of DNA damage in pooled cell 
populations. It measures the migration of fragmented DNA in an electric field away 
from the nuclei of individual cells embedded in an agarose gel. Cells with increased 
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DNA damage display increased migration from the nuclear region towards the anode and 
a reduction of nuclear DNA content. Perhaps the foremost advantage of the comet assay 
is that it measures the response of individual cells to classes of environmental pollutants 
such as heavy metals (Pd, Cd, Cu and zinc), petroleum hydrocarbons (Benzo[a]pyrene), 
chlorinated hydrocarbons, chlorinated pesticides, UV light and radionuclides etc. 
Therefore, the study of DNA damage as a biomarker of environmental contamination can 
demonstrate the general degree of influence of these urban and industrial wastes on 
marine species with focus both on genotoxic and cytotoxic effects (Mckelvey-Martin et 
al., 1993). The Comet assay was employed to compare the relative levels of DNA-
damage at selected clean and impacted sites. 
Specific Aim 
This study is the first attempt to use these sensitive molecular techniques in the SCB to 
demonstrate whether elevated pollution levels are correlated with a hidden loss of genetic 
diversity within the affected populations of marine invertebrates, even while the 
populations appear to be still thriving. To do this the Comet Assay was chosen to verify 
that the populations at the contaminated sites were in fact more strongly impacted than 
were those at clean sites, then RAPD-PCR was used to show that populations at impacted 
sites, even though the individuals were still abundant at the sites, but had undergone a 
substantial loss of genetic diversity as compared to populations at clean sites and that this 
loss of diversity followed a similar pattern at different sites. 
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Significance 
The objective or long term goal of this research is to provide base line for longer term 
studies to determine if the loss of genetic diversity will reduce a population's ability to 
respond to future environmental change. Also the results obtained from this study can be 




COMPARING THE RELATIVE IMPACT of POLLUTION AT CLEAN VS 
IMPACTED SITES: THE SINGLE CELL GEL(COMET) ASSAY 
FOR DNA DAMAGE 
Introduction 
A number of methods have been developed for assessing negative impacts on aquatic 
populations. Traditionally, many ecological surveys have been based on species diversity 
and composition and the presence of "indicator" species (Grassle and Grassle,1974). 
This approach is based upon the principle that as the negative impact of the pollutant 
grows, species diversity will decline and sensitive species will be replaced by species 
characteristic of polluted areas (Swartz, et al., 1986). Other studies have used a 
toxicological approach. For example, the adults, larvae or eggs of certain species may be 
subjected to different levels of pollutants under controlled conditions in the laboratory. 
The impact on the affected species can be assessed in several ways. For example, the 
concentration which causes a 50% mortality (LC50) can be calculated, and the relationship 
between pollutant level and survival can be used to predict survivorship in the field 
(Murty, 1986; Reish, 1987). Other toxicological studies may examine the tissues for 
histological evidence of pollutant-related damage (Watermann, et al., 1992; Livingstone, 
1993; Reish et al., 1993); or the incidence of tumors may be correlated with pollutant 
level (Sargent, 1987). Other studies of pollution's impact use a molecular approach, such 
as measuring the levels of cytochrome P450, a set of hepatic detoxification or 
biotransformation enzymes, which are often induced in the presence of toxins 
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(Livingstone, 1993); examining the presence of bulky, hydrophobic DNA-adducts which 
indicate DNA damage (Livingstone, 1993); metallothioneins (MTs), elevated metal-
binding proteins which indicate exposure to metals (Livingstone, 1993) and heat -shock 
proteins which responds to a wide variety of stressors, including elevated temperatures, 
ultraviolet (UV radiation), trace metals and other xenobiotics (Sanders, 1993; Sanders 
and Martin, 1993) 
All of these methods are useful but have drawbacks as well. Assessment of species 
diversity and indicator species, for example, may not indicate a problem until major 
community changes have already occurred and damage has already been irreversible. 
Toxicological tests are direct and effective and can identify effects of specific toxins. 
The data from dose-response relationships can be used to screen many sites for locations 
where a problem may exist. However, toxicological studies, which typically focus on 
only one or a few factors, may be hard to apply to the field where a variety of effects 
coexist. In addition, these assays are often slow, expensive, and time-consuming when 
performed properly. Molecular indicators have their own strengths and weaknesses. For 
example, the activity of cytochrome P450 and DNA-adducts (32P- postlabelling method) 
may be induced by only a limited class of organic compounds such as certain PAHs 
(Polycyclic Aromatic Hydrocarbons), PCBs (Polychlorobiphenyls) and PCDDs 
(Polychlorinated dibenzo-p-dioxins). Metallothioneins (MTs) are induced only by metals 
such as Cd, Hg, Ag and Cu. Further, P450 has been most successfully used in fish, 
mammals and birds. The activity of P450 in some marine invertebrates such as mussels, in 
contrast, at the limits of detection, does not allow quantitative comparison. (Livingstone, 
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1984). The DNA-adducts are used mainly in fish and require the use of radioactive 
labels. In addition, the levels of many of these factors are variable with season, 
reproductive condition, and other environmental factors such as temperature and salinity 
and so results may be hard to interpret. 
Several of these methods have already been used to assess the impact of pollutants along 
the Southern California coast. One of the largest and most notable ongoing studies is the 
Bay Protection and Toxic Cleanup Program (BPTCP, 1998 a, b), a long-term project by 
the California State Water Resources Control Board Division of Water Quality Bay 
Protection and Toxic Cleanup Program with the aid of the National Oceanic and 
Atmospheric Administration (NOAA) and the California Department of Fish and Game 
to identify and characterize potential toxic sites off the California coast. Since the 
BPTCP has focused mainly on sites likely to have significant negative impacts from 
pollution, it has not gathered any data from the "clean" sites used in this study. However, 
BPTCP has sampled sediments at a number of sites at or immediately adjacent to my 
"impacted" sites. Table 2.1 lists BPTCP data on a number of important pollutants found 
at sites at or within a few hundred meters of my experimental sites. For comparison, the 
table also lists the average and range of pollutant levels at all 1099 BPTCP sites, levels at 
some nearby known or candidate "hot spots" and some relatively clean BPTCP 
"reference" sites, and at a site just outside San Pedro Harbor, which though not "clean" 
may reflect levels closer to background (Although this site is known to be near a major 
site of pesticide contamination). Figure 2.1 shows these relationships graphically. In 
addition, BPTCP has compared levels of sediment toxicants to known levels of toxicity, 
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Table 2.1. Bay Protection and Toxic Cleanup Program (BPTCP, 1998 a, b) data from sites at or near my experimental sites and from 
selected contaminated and reference sites. PCBs = polychlorinated biphenyls. PAH = polycyclic aromatic hydrocarbons. See 
appendix 2 for a list of the components measured for each total. Asterisks mark constituents which make a site a known or proposed 
BPTCP "Toxic Hot Spot". 
Total 	Total 	 Total 	Benzo[a] 	Total 
Metals Pesticides Tributyltin PCB pyrene PAH 
Site 
	
(PPm) 	(ppb) 	(ppb) 	(ppb) 	(ppb) 	(ppb) 
BPTCP Sites that coincide with as My Experimental Sites: 
Port Hueneme 
(BPTCP 44013) 	 *53.20 	*0.5580 	*80.172 	1,420.00 	*17,757.90 
Fire Station 
(BPTCP 40005-40006) 	 48,842 	225.90 	0.4700 	101.100 	460.00 	3,278.30 
Fireboat 
, (BPTCP 40011) 	 77,376 	89.23 	0.1020 	53.267 	491.00 	2,908.67 
a 
Balboa Island 
(BPTCP 85005) 	 129,657 	88.30 	0.0330 	19.936 	105.00 	952.69 
BPTCP Sites Near but not at My Sites: 
Consolidated Slip (Near Fire Station)--contaminated 
(BPTCP 40006,4700147010) 	 89,249 	*711.18 	0.5255 	*659.862 	1,084.35 	12,346.15 
Newport Bay (nearest = Balboa Island)--contaminated 
(BPTCP 85013-85015) 	 98,702 	*104.06 	1.0418 	163.465 	367.00 
	
4,286.55 
Table 2.1. Continued 
Total 	Total 	 Total 	Benzo[a] 	Total 
Metal Pesticides Tributyltin PCB pyrene PAH 
Site 
	
(1 Pm) 	(I)Pb) 	(PO) 	(1)Pb) 	(pPI)) 	(1)Pb) 
Newport Bay (farther inside the bay from my Newport Jetty site)--moderate impact 
(BPTCP 85016) 	 121,051 	30.44 	0.0000 	10.439 	142.00 	1339.60 
Inner Dana Point Harbor (farther inside the bay from my Dana Point site): moderate impact 
(BPTCP 95004, 95005, 95016, 95017) 	103,242 	15.48 	0.7858 	9.803 	106.65 	1419.80 
Other sites for reference: 
BPTCP reference sites (low impact) 
(10040,30027,30031,31002,31003) 	68,689 	9.85 	0.0000 	0.573 	86.69 	445.93 
t.) 
Site outside San Pedro Bay (moderate impact, but near pesticide site) 
(BPTCP 40030) 	 83,661 	103.73 	0.0000 	4.100 	12.00 	129.40 
Range for BPTCP data: 
median 	 91,376 	36.39 	0.0564 	32.164 	115.00 	1,438.17 
minimum 32,630 0.00 0.0000 0.000 0.00 0.00 
maximum 	 353,345 16,845.43 	6.2100 9,959.300 47,300.00 240,083.00 
Figure 2-1. BPTCP levels of major pollutant categories (logarithmically scaled) at 
sites near my experimental sites, plus at some comparison sites. The top 6 sites 
are impacted by pollution while the bottom 4 are more clean. Toxicants at all 
sites are normalized to the median BPTCP level measured for 1099 California 
sites, indicated by the dashed line at level = 1. Dashed lines on bars indicate the 
level at the relatively clean BPTCP reference sites. Sites are the same as those in 
Table 2-1. "Slip" = Consolidated Slip, inner Los Angeles Harbor (near my "Fire 
Station" site. "Inner Newport Bay" =BPTCP sites 85013-85015. Both these sites 
are known or proposed "Toxic Hot Spots". "Outer Newport Bay" is near the bay 
mouth near my "Newport Jetty" site but likely more impacted. "Inner Dana Point 
Harbor" is inside the marina and is likely more impacted, especially by TBT, than 
my Dana Point site. Metal = total heavy metals (Appendix 1), Pest = total 
pesticides, TBT = tributyltin, PCB = total polychlorinated biphenyls, PAH = total 
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plus has studied direct sediment and porewater toxicity in terms of toxicity of sediments 
to fertilization, larvae, embryo survival, and growth in the benthic community at a limited 
number of sites (Table 2.2). The BPTCP data show that my experimental sites do indeed 
contain elevated levels of toxic pollutants, thus providing a comparison to what might be 
expected at less impacted sites such as my "clean" sites. However, the BPTCP tests are 
incomplete and not at all of my test sites, and so provide only a partial assessment of the 
relative potential impacts of pollution at my "impacted" versus "clean" sites. To directly 
test whether pollution does have a more pervasive effect at impacted sites than at clean 
sites, I chose to perform the Single Cell Gel (SCG) or "Comet" assay, a molecular assay 
for DNA damage (Tice et al., 1990; Olive et al., 1990a) on the mussel Mytilus 
galloprovincialis. 
The Comet Assay, which Ostling and Johanson (1984) started using neutral conditions for 
detecting double-strand DNA breaks and introduced by Singh et al. (1988) with alkaline 
condition, detects the level of direct damage to DNA in the form of single-stranded or 
double-stranded breaks. Since many factors induce from 5 to 2000-fold more single - 
stranded than double-stranded breaks (Bradley, et al., 1979), neutral conditions are not as 
sensitive as alkaline conditions. Therefore, alkaline conditions were chosen in my study 
for testing single-stranded DNA damage specifically. The prevalence of these breaks has 
been shown to be correlated with the levels of various types of pollution in an area (Tice 
et al., 1990; Steinert, 1996). The principle for the assay is simple: DNA strand breaks 
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Table 2.2. Toxicity tests performed by BPTCP near my impacted sites and at some reference sites. Sediment toxicant tests compare 
levels of specific constituents to known levels of toxicity; based on NOAA's Effects Range-Low (ERL-lowest 10th percentile of 
measurable effect) and Effects Range-Median (ERM-50 percentile of measurable effect), represent level above which toxic effects are 
expected to occur (Long et al., 1995). Li(ow)=below ERL; M(oderate)=above ERL, but below ERM; and T(oxic)=above ERM. 
(-) Porewater toxicity tests are based on survival of amphipods, and on normal development of abalone and urchin larvae. A test sample 
was labeled toxic if survival or development was significantly less than in the control. The Benthic index is based on species 
abundance and diversity and the presence of indicator species. Data taken from BPTCP 1998 a, b. 
Sites 	 Sediment Toxicants 	 Porewater Toxicity 	Benthic Index 
Impacted 	 Cu Chlordane DDE PCB PAH Amphipods Abalone Urchin 
Port Hueneme 	 M 	L 	 M 	I 	Some toxic 
Fire Station 	 M 	T 	 T 	M 	Some toxic 	 Transitional 
Fire Boat 	 M 	L 	 M 	M 	Some toxic Toxic 	Undegraded to 
Transitional 
Balboa Island 	 M 	M 	 Toxic 	Toxic Toxic 	Degraded 
Comparison Sites 
Contaminated LA Harbor 	M 	T 	 T 	M 	Toxic 	 Undegraded to 
Transitional 
Outside 	 L 	M 	 L 	L 	Toxic 	Toxic 
LA Harbor 
Contaminated 	 T 	M 	M 	T 	 Some toxic 	 Undegraded 
Newport Bay to Transitional 
create fragments that, when embedded in an agarose gel, migrate in an electric field. The 
strand breaks damage the higher order, tightly-packed structure of DNA, which also 
allows the fragments to migrate outside the region of the nucleus, creating a visible comet 
"tail". In the procedure, first, hemocyte cells of mussels are embedded in agarose gel on 
microscope slides, lysed by detergents and salt, then the DNA is unwind at high pH and 
electrophoresed for a short period. Alkaline conditions not only unwind double-stranded 
DNA, but also result in the degradation of cellular RNA which otherwise could interfere 
in the quantitation by ethidium bromide-staining. Cells with increased DNA damage 
display increased migration of fragmented DNA from the nuclear region towards the 
anode, creating a characteristic cometlike pattern which can be visualized by ethidium 
bromide staining and fluorescence microscopy. The length and intensity of the comet's 
"tail", formed by the migrating DNA fragments, is a measure of the prevalence of breaks 
in the DNA. The cornet assay is direct, quick and only a small number of cells are 
required. It is data rich because it provides information on individuals and even on 
differences between individual cells (Tice et al., 1990; Steinert, 1996), and it has also 
proven to be sensitive enough to detect even low levels of DNA damage and repair (Olive 
et al., 1990a; Speit et al., 1995). The foremost advantage of the comet assay is that it 
measures the response of individual cells and quantifies heterogeneity in the induction of 
DNA strand breaks by unknown causes or a mixture of contaminants such as industrial 
effluents. 
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Materials and Methods 
Species  
The bay mussel Mytilus galloprovincialis (Lamarck 1819) was used in this test because it 
is a very common intertidal species, common to all collection sites, and it is commonly 
used as a good indicator in environmental studies. In addition, as a filter feeder it is 
exposed to large volumes of water with any associated pollutants. 
Collection and Maintenance 
A minimum of twenty individuals ranging in size from 3 to 5 cm total length were 
collected from each of my seven sites within the period from Nov 2 to Nov 12, 1996. 
Samples were collected early in the day and in the shade to minimize effects of UV 
damage. 
The mussels were placed live into damp, light-protected containers; kept cool and 
transported promptly to the lab where they were maintained in oxygenated, recirculating 
seawater at about 17°C and without exposure to sunlight till assayed for max time 9 days. 
Collection and Preparation of Mussel Hemocytes: 
The initial steps of the comet assay were performed in the laboratory at Loma Linda 
University, following the protocols developed by the S.A. Steinert lab (Marine Sciences 
Division, Computer Sciences Corporation, San Diego, CA 92110). Hemocytes from at 
least 10 mussels from each site were collected under subdued light and prepared for 
comet analysis. Hemocyte samples were obtained by notching the posterodorsal margin 
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of the mussel shell with a Dremel® tool, then withdrawing a sample of hemolymph from 
the posterior adductor muscle with a 1.5 ml syringe and 25 gauge needle. The 
hemolymph (0.5 - 1.0 ml) was immediately placed into 1.5 ml centrifuge tubes on ice. 
The tubes were then spun for 2 minutes at 2000 rpm in a chilled desktop microfuge. The 
supernatant was discarded and the pellet was resuspended in a warm (35-50°C) 0.65% 
low melting point agarose gel (Appendix 4). 50 to 200 pi of 0.65% low melting point 
agarose gel was used, depending on visual observation of the size of the pellet. 50 p1 of 
this suspension was placed onto a slide coated with normal melting-point agarose gel and 
covered with a 24 x 40 mm glass cover slip. Two slides were prepared per individual. 
The slide was placed on ice for three minutes for the agarose to gel, then the coverslip 
was removed, 50 more 11.1 of low melting point agarose gel was added, the coverslip was 
replaced, and the slide was again placed on ice for three minutes. After fixing the 
hemocytes to the slide in this manner the coverslips were again removed and the slides 
were placed in chilled lysis buffer (Appendix 4), in coplin jars and isolated from the light, 
to lyse the cells and nuclear membranes. The slides were left in the chilled buffer from at 
least 2 hours to overnight. 
After lysis of the hemocytes the slides were removed from the buffer, rinsed 3 times for 2 
minutes each in chilled distilled water, and soaked in cold IX alkaline electrophoresis 
buffer (Appendix 4) for 15 minutes to unwind the DNA. The slides were then 
electrophoresed at 25V, 300mA for 10 minutes using the same electrophoresis buffer. 
Upon removal, the slides were soaked 3 times for 2 minutes each in cold 0.4M Tris at pH 
7.5 in coplin jars to neutralize the pH, then soaked in cold ethanol for 5 minutes to fix the 
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DNA to the slide. The slides were dried for 1 hour or more in a 36°C drying oven or for 
all day at room temperature until dry in subdued light, then stored for up to a month in 
dry and light-tight boxes at room temperature for later analysis. 
Visualization and Counting of Comets:  
The slides were analyzed in the S. A. Steinert lab in San Diego. First, 50 III of ethidium 
bromide solution (Appendix 4) was added to each slide and a 24 x 40 mm coverslip was 
applied. The edges of the coverslip were sealed with nail polish to prevent drying out and 
liberation of carcinogenic ethidium bromide. The slides were viewed at 200 X 
magnification using a Nikon Optiphot® epifluorescence microscope with an excitation 
wavelength of 510-560 nrn (green light) and a barrier filter of 590 nrn. Under these 
conditions ethidium-bromide stained DNA fluoresces orange (Figure 2.2). Five cells, 
including the cell nearest each corner of the slide and the cell closest to the center, were 
measured from each of 5 evenly spaced fields on the slide for a total of 25 cells per slide 
and 50 cells per individual. Imaging was performed with a Komet® Image Analysis 
System and the resulting images were analyzed by the commercial program Komet 3.1 
designed for this purpose by Kinetic Imaging Ltd., Liverpool, UK. A variety of 
measurements were recorded for each nucleus, including Nucleus Diameter, Tail Length, 
Tail Extent, Tail/Head, Tail % DNA, Tail Moment (Olive et al., 1990a), and Comet 
Inertia (Hellman et al., 1995). Olive Tail Moment is a measure of the distance between 
the center position of the head and the center of gravity of the tail ("tail distance") 
multiplied by the percentage of DNA in the tail (Olive, 1992)]. 
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Figure 2.2. Fluorescence micrographs of "Comet" cells from a mussel collected in Port 
Hueneme (top) and my blood cell (bottom). 
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Comet Inertia is similar to Olive Tail Moment but is said to be useful for distinguishing 
tails having different lengths, numbers of fragments, and relative amounts of DNA 
(Hellman et al., 1995). Tail/Head is a ratio of tail length to nucleus diameter. Tail % 
DNA (percentage of total DNA in the tail calculated by 100 - Head % DNA (The 
percentage of DNA in the head). Tail length and tail extent are similar measures, but tail 
length measures the distance between the center of the head and the end of the tail, while 
tail extent measures from the back of the head to the end of the tail. Both of them are 
more a measure of the smallest size of DNA present (which migrates farther) rather than 
of the total amount of damage to the DNA. See Appendix 1, Glossary and List of 
Abbreviations for definitions of these parameters. Control slides prepared from my own 
blood cells prepared in the same manner were also analyzed (Figure 2.2). 
Data Analysis 
Comet characteristics between populations from my clean and impacted sites were 
compared by one way Analysis of Variance (ANOVA) using SPSS version 8.0). 
Negative control slides were analyzed in the same way to make sure the DNA had not 
been damaged by the slide preparation procedures. 
Results 
Hemocytes were successfully collected from mussels from all the sites except from 
Catalina. These mussels experienced an extended trip back from the island before 
reaching the laboratory. High mortality was observed in the laboratory for these 
individuals and the hemolymph of survivors was discolored. Therefore individuals from 
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this site were not used for the Comet Assay. Also, data from two individuals from Dana 
point were lost so this site is represented by only 8 individuals in the analysis. 
Mussel hemocytes from the impacted sites showed significantly higher DNA damage by a 
number of measures: Olive Tail Moment, Comet Inertia, Tail/Head and Tail% DNA. 
These all indicate lower single-strand DNA breaks in the clean sites. Tail Length and 
Tail Extent were longer in the clean sites than the impacted sites, but the difference was 
not significant. The negative controls showed little DNA damage, indicating that the 
assay was valid (Table 2.3 and Figure 2.2). 
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Table 2.3. Comparison of comet assay parameters for DNA damage between my clean 
sites and impacted sites. P = probability by ANOVA. 
Parameter 
 
Clean Sites 	Impacted Sites 
(n=30) (n=40) 
  
       
Olive Tail Moment 	 1.559 	 1.806 	 0.001 
Comet inertia 	 234.82 	 278.74 	0.000 
Tail /Head 	 0.016 	 0.346 	 0.001 
Tail % DNA 	 14.645 	 16.384 	0.005 
Tail Extent 	 2.487 	 2.715 	 ns 
Tail Length 	 11.427 	 11.095 	 ns 
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Discussion 
Of all the parameters measured during the comet assay, Olive Tail Moment and Comet 
Inertia are likely to be the most useful for describing overall DNA damage. While Tail 
Length is clearly associated with the migration of broken DNA, it most directly measures 
how small the smallest pieces are rather than what the overall extent of breakage is. 
Olive Tail Moment, on the other hand, is the product of taillength and intensity of tail 
DNA. It combines measures both of how long the tail is (that is, how small the pieces 
are) and how intense it is (that is, how many broken pieces there are), which gives the 
most complete measure of overall DNA damage. The highly significant differences 
between Olive Tail Moment and Comet Inertia, in contrast, indicate that DNA damage is 
significantly more pervasive in the impacted sites than in the clean. 
The question may arise of what constituents of the pollution at these sites is most directly 
associated with DNA damage. My data are not structured in such a way to answer this 
question directly, but they can give a strong inference by correlation analysis. The 
correlation between each component of pollution (Table 2.1), as normalized to the 
median level for the 1099 BPTCP sites, and the measures of DNA damage from Table 
2.3 was tested. Some of the sites in Table 2.1 are not on the same spot as my sites, so I 
assigned them to the nearest of my sites. This blurs the correlation because pollution 
levels and DNA damage were not always measured from the same place, so the results 
should be taken as an inference rather than an identification. Table 2.4 lists the results of 
the correlation analysis. No positive correlation was found between total metals, TBT, or 
PAH levels and DNA damage. A weak positive correlation was found between PCB 
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Table 2.4. Correlations Between Comet Data and Sediment Chemistry Indicators of Pollution from BPTCP. 
Pearson's R is used for One-tailed Correlations. 
Parameter 
 
Total 	Total 	Total 	Total 	Total 
TBT / CA Metals / CA Pesticides PCB / CA PAH/ CA 
median 	median 	/CA 	median 	median 
median • 
           
Olive Tail Moment PearsonCorrelation 	-.559 	 -.581 	 .575 	 .216 	-.461 
Sig 	 .124 .152 .116 .308 .179 
N 6 	 5 	 6 	 6 	 6 
Comet inertia 	PearsonCorrelation 	-.299 	 -.733 	 .939 	 .565 	 -.337 
Sig 	 .282 .080 .003 .121 .257 
N 6 	 5 	 6 	 6 	 6 
Tail /Head 	PearsonCorrelation 	-.834 	 -.165 	 .498 	 .096 	-.480 
Sig 	 .020 .395 .158 .428 .168 
N 6 	 5 	 6 	 6 	 6 
Tail % DNA 	PearsonCorrelation 	-.557 	 -.357 	 .341 	 .129 	 -.375 
Sig 	 .126 .278 .254 .404 .232 
N 6 	 5 	 • 6 	 6 	 6 
Tail Extent 	PearsonCorrelation 	-.547 	 -.648 	 .606 	 .217 	-.566 
Sig 	 .131 .119 .101 .340 .121 
N 6 	 5 	 6 	 6 	 6 
Tail Length 	PearsonCorrelation 	-.481 	 -.545 	 .620 	 .157 	-.610 
Sig 	 .167 .171 .094 .383 .099 
N 6 	 5 	 6 	 6 	 6 
levels and DNA damage, but it was not significant. The strongest correlation, which in 
the case of Comet Inertia was highly significant, was between total pesticides and DNA 
damage. This implies that the pesticides may be having the strongest impact on the DNA 
damage observed in this experiment. 
The Comet assay has proven to be a sensitive and suitable technique for detecting 
deleterious effects of pollution in aquatic environments. Steinert et al. (1998) found 
significantly higher (2-3 times) comet tail length in M galloprovincialis from sites known 
to be contaminated with PAHs, PCBs, and some metals such as Hg, Cu and Zn than from 
control sites. Similarly, the significantly higher Olive Tail Moment, Comet Inertia, 
Tail/Head and Tail % DNA found in the impacted sites of this study identify those sites as 
having a higher concentration of DNA-damaging factors than in the clean sites, as would 
be expected from a polluted site. Multiple studies using a variety of techniques have 
demonstrated that many forms of water pollution cause DNA breakage and other genetic 
damage in aquatic species exposed to it. For example, Strand breaks in DNA caused by 
pollution in gills of mussel Mytilus galloprovincialis and fish liver were demonstrated 
earlier by several experimental approaches (Kurelec, et al. 1977, 1979; Zahn, et al. 1982; 
Bihari, et al. 1990 and Herbert & Zahn, 1990). Vukmirovic (1994) reported that mixed 
environmental pollution (urban and industrial wastes) increased frequencies of single-
strand breaks and DNA crosslinks in mussel Mytilus galloprovincialis populations. 
Pollution is not the only factor which can cause DNA strand breaks. Ultraviolet light 
(UV), for example, is a well-known mutagen which routinely causes DNA breakage 
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(Steinert, 1996). UV-induced DNA breakage and repair are so common (Some cells can 
repair the damage by 30 minutes (Olive, 1990a), in fact, that significantly larger comets 
can be obtained from mussel samples collected in the afternoon from intertidal areas 
exposed to sunlight than from individuals collected from the same sites in the morning or 
in the shade (Steinert, personal communication). Also, DNA strand breakage and repair 
is known to be a routine process in normal cells (Olive, 1990a; Betti, 1994) and DNA 
breakdown is especially prevalent in apoptosic cells (Steinert, 1996). However, the 
experimental conditions I used clearly identify pollution as being the most important 
proximate factor producing the pattern of DNA damage I observed. My samples from all 
sites were collected early in the day and in shaded areas, eliminating UV damage as the 
cause. No doubt a certain amount of the DNA breakage at all sites was from normal 
cellular activities. However, the fact that the comet assay clearly identified significantly 
higher damage at the impacted sites than at the clean sites by several different measures 
shows that it was the different environmental conditions at the sites, of which pollution 
level (Table 2.1) was the most obvious factor as the proximal cause. 
In this study, it is not clear whether the most important effects of pollution at these sites 
were directly genotoxic or simply cytotoxic, nor does the difference appreciably affect the 
interpretation of the results. A number of the pollutants known to be at the impacted sites 
(Table 2.1), such as PAHs (polycyclic aromatic hydrocarbons) (E.g. benzo [a] pyrene), 
copper and mercury are known to be directly genotoxic (Tice 1994; Flora,1994; 
Steinert,1996). Any factor which was simply cytotoxic and triggered apoptosis, however, 
would also be detected by the comet assay as a similar increase in the comet tails. 
49 
Perhaps cytotoxic effects with apoptosis would produce larger standard deviations in the 
comet assay parameters than would genotoxic effects since with genotoxicity one would 
expect many cells to be similarly affected while with cytotoxicity and apoptosis one 
would expect much of the DNA breakage to be concentrated in the apoptotic cells. For 
the purposes of this study, the cornet assay clearly supported the interpretation that my 




ASSESSING DIFFERENCES IN POPULATION GENETIC DIVERSITY AT THE 
CHOSEN SITES BY RAPD-PCR (RANDOM AMPLIFIED POLYMORPHIC DNA 
POLYMERASE CHAIN REACTION) 
Introduction 
Population genetic diversity has been measured by many different means. Traditional 
examination of morphological variation is primarily based on phenotype, which is far 
removed from actual genetics and much genetic diversity may exist with little obvious 
change in morphology. Molecular methods have given more information beyond 
morphological and physiological traits. One well-established molecular method makes 
use of allozymes as codominant markers of genetic traits. This method can be used to 
rapidly screen many individuals and can also distinguish homozygotes from 
heterozygotes. However, it requires a large amount of tissue which must be strictly 
maintained in ultracold conditions, and it may not be sensitive enough to reveal genetic 
variation for some organisms. In addition, acclimatization can complicate or bias the 
analysis. Methods which directly assess differences in DNA probably come the closest to 
being direct and sensitive measures of diversity. Of these, gene sequencing allows one to 
obtain direct information of components nucleotides, but it is usually used to look only at 
a very limited segment of the genome because of the expense. Therefore, it is usually 
impractical to screen large populations. RFLP ( Restriction Fragment Length 
Polymorphism), another codominant marker, reveals genetic variation among individuals 
by means of the size of DNA fragments cut by specific restriction endonuclease enzymes 
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(endonucleases). RFLP is extremely sensitive to genetic variation-in fact, most 
individuals have a unique RFLP signature. However, hazardous radionucleotides are 
often necessary for this method and diversity may also be so great that a large number of 
individuals may be needed before consistent patterns can be discerned. RFLP screens 
both translated and nontranslated DNA. Because of the high diversity, RFLP is often 
used primarily for questions on a smaller scale of genetic differences, such as 
establishment of paternity. Another technique for DNA analysis, microsatellites, screen 
DNA for nucleotide tandem repeats formed during meiosis at specific sites. They occur 
mostly on nontranslated sequences, so they are useful for determining phylogenetic 
relationship. They are not expected to be subject to the selection for making an estimate 
of diversity which is ecologically meaningful. 
RAPD-PCR (Random Amplified Polymorphic DNA-Polymerase Chain Reaction, Welsh 
& McClelland 1990; Williams et al. 1990; Caetano-Anolles etal. 1991; Deragon 1992; 
Hardrys et al. 1992) is a molecular technique which has been used in the study of genetic 
variation in natural populations. In RAPD-PCR, arbitrary sequences of 10-12 nucleotides 
without palindromic sequences are used as primers to bind to the DNA, then the DNA is 
amplified repeatedly by PCR beginning at these sites. Locations in the DNA where 
binding sites on the complimentary strands are close enough together (within about 2000 
bp) to form an amplifiable fragment are preferentially amplified, then visualized on a gel. 
The population is rapidly screened by this technique, looking for polymorphic loci. 
RAPD-PCR screens the entire genome, including translated and nontranslated DNA. It 
is an easy and sensitive method to directly measure the genetic variation in a population 
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through multiple loci if there is no need to look at a specific fragment of the genomic 
DNA. Despite the advantages, RAPD-PCR analysis presents some practical problems as 
well. First, since multiple markers appear on the same gel there can be uncertainty in 
assigning markers to specific loci in the absence of a preliminary pedigree analysis. 
Second, products from different loci may have similar molecular weights and therefore be 
indistinguishable on the gel (because of comigration). In some cases, these problems can 
be overcome by practical means (Hadrys et al., 1992). However, the third issue is 
unavoidable: the dominance of RAPD markers. If one of the "alleles" at a RAPD-PCR 
site is unamplifiable, then marker/marker homozygotes cannot be distinguished from 
marker/null heterozygotes. 
Although there is only a single amplifiable allele per locus, this does not prevent the 
estimation of allele frequencies necessary for population-genetic analysis, but it does 
reduce the accuracy of such estimation relative to analysis with codominant markers. 
Several assumptions have to be made for the interpretation for banding patterns on a gel. 
First, it must be assumed that marker alleles from different loci do not comigrate to the 
same position on a gel; second, each locus can be treated as a two-allele system, with 
only one of the alleles per locus being amplifiable by the RAPD-PCR. The "null" allele 
may fail to amplify either because of loss of a primer site or because an insertion has 
caused the distance between primer sites to exceed the capacity of the PCR. Without 
extensive segregation analysis, it is difficult to validate the two-allele assumption. The 
existence of multiple amplifiable alleles at a locus is relatively rare according to the 
opinion of users of RAPD-PCR, but the pool of unamplifiable alleles is heterogeneous 
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(Lynch et al., 1994). RAPD-PCR is commonly used for a large variety of genetic 
applications within or between species although there are some disadvantages. It 
revealed low genetic variability in species(Nasser et al., 1996) when isozyme analysis 
and mitochondrial DNA control region sequencing failed to reveal differences among 
individuals (Dawson et al., 1993; Bowditch et al., 1994). 
RAPD-PCR was employed for assessing genetic diversity in this study by comparing 
populations between clean and impacted sites. The bay mussel Mytilus galloprovincialis 
and the acorn barnacle Balanus glandula were the two species used for this test. 
Relatively few field studies about the effects of environmental contamination on marine 
populations have been done using molecular techniques such as RAPD-PCR. This is the 
first RAPD-PCR based marine field study on genetic variation related to the effect of 
pollution in the southern California coastal region. 
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Materials and Methods 
Species and Collection  
Both mussel Mytilus galloprovincialis and barnacle Balanus glandula were used for this 
study. Animals were collected in the spring (March - May) of 1997. About 50 
individuals of each species from each of the seven sites were sampled. Mytilus 
individuals were 5-7 cm in shell length and Balanus were 1.2 to 1.5 cm in diameter, 
which is near the lower end of the size range for adults. Whole individuals, including the 
bottom plate in the base of the barnacles, were removed from the substrate or individual 
barnacles living on shells were transported to the lab without disturbing them. 
Handling and Tissue Sampling 
Animals were placed into damp, light-proof containers; kept cool and transported to the 
laboratory. Tissues were removed immediately, or animals were maintained for up to 24 
hours in oxygenated, recirculating seawater at 17 C without sunlight until assayed. 
Animals survived well the short time they spent in the lab before use. The only exception 
to this was that barnacles which had a damaged basal plate did not survive well and were 
not used for any analysis. Gill tissue (2 - 5 mg) from the mussels and whole body tissue 
(cirri removed) from the barnacles were extracted and rinsed in the lysis buffer and 
immediately were put in 1.5 ml microcentrifuge tubes with 200 [ti lysis buffer, then 
stored at - 86 °C until analysis. About 30 individuals of each species per site were 
analyzed. 
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DNA Preparation for RAPD-PCR 
The "salting out" procedure was used for extracting DNA from the tissue samples 
(Miller, et al.1988, see Appendix 5). Gene cleaning , using the QIAquick® Nucleotide 
Removal Kit by QIAGEN, was necessary only for barnacles. For testing, DNA samples 
were run for about 20 minutes on an 0.8% agarose gel at 75 mA in TBE buffer. DNA 
samples were quantified by a Beckman DU-640 spectrophotometer at 260 nm, then 
diluted to a concentration of 10 - 20 ng/p.1 (See Appendix 5). 
Primers from Operon®  kits C, D, and G were screened using 20 individuals of each 
species for each kit in order to find primers which could reveal polymorphic RAPD-PCR 
products. Seven and five primers from kit G for mussels and barnacles respectively 
revealed polymorphism. Products amplified by primers OPG-06 (5' GTGCCTAACC 3') 
and OPG-08 (5' TCACGTCCAC 3') for mussels and OPG-05 (5' CTGAGACGGA 3'), 
OPG-10 (5'AGGGCCGTCT 3'), OPG-11 (5' TGCCCGTCGT 3') and OPG-12 (5' 
CAGCTCACGA 3') for barnacles were scored and analyzed. 
The RAPD-PCR Reaction 
My RAPD-PCR reactants and procedure were adapted from Yu (1982) and Adamkewicz 
(1994). The DNA sample was added to the PCR reaction mixture (see Appendix 5) in a 
0.5 ml test tube and covered with a drop of mineral oil. 
The samples were placed into an Ericomp Model EZ CYCLER® twin block thermocycler. 
First they were given a "hot start" of 1 minute at 94°C to denature the DNA template. 
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Then they were cycled for polymerization 45 times. Each cycle consisted of 1 minute at 
94°C for denaturing, 1 minute at 36°C for primer annealing to template, and 2 minutes at 
72°C for DNA polymerization. Ramping took about 2 minutes15 seconds. The cycling 
session ended with 7 minutes at 72°C. Three replicates of every DNA sample were run in 
PCR in order to assure that the observed bands were repeatable. 
Electrophoresis and Visualization of DNA Fragments  
Electrophoresis was performed in TBE buffer (Appendix 5) on a 25 cm long x 20.3 cm 
wide x 0.6 cm thick 1.4% agarose gel, using a 24-tooth comb for well production. One 
sample was loaded into each well along with a small amount of TBE buffer. A 1 kb 
DNA ladder (GibcoBRL)® was run on each end of the gel for a standard and 
bromophenol blue (blue juice) was used as a progress marker. TBE buffer was first 
added up to the height of the edge of the gel, then the gel was run for 5 minutes to drive 
the DNA into the gel at 100-126V before covering the gel with buffer. After this, the gel 
was covered with buffer and continued run at 100-126V until the bromophenol blue 
indicated the run was complete. Gels were then stained for 15-20 minutes in ethidium 
bromide (EB, 1 ul EB/100 ml distilled water), washed for 20 minutes or more in distilled 
water on a shaker bath, and the DNA bands were visualized and photographed under UV 
light. Photography was either with a Polaroid documentation camera (F11, 7-8 seconds) 
or with an IS-1000® Digital Imaging System. 
Most mussel individuals yielded clean DNA with clear bands. The barnacles were more 
difficult to sample than were the mussels and their DNA needed more cleaning. Even 
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after cleaning the barnacle DNA, a larger proportion of the mussels than of the barnacles 
had clear, scorable bands (Tables 3.1, 3.2). 
DNA bands were scored based on photographs of the gel. Individuals that produced no 
bands at all were eliminated from scoring. Polymorphic bands in the range of 2000-500 
bp from higher to lower molecular weight which appeared twice consistently in all 3 
replicates were scored (Figure 3.1). All bands were scored for presence (+) and absence 
(-). The order of loci varies with the band profile of different primers. The haplotype for 
each individual based on each primer was expressed as the pattern of presence and 
absence for all the bands scored for that species and primer. 
Data Analysis  
The populations were compared for the presence and absence of each band on each 
primer. The total number of individuals having each band was counted in each 
population. The proportion of each population which contained each band was also 
transformed by rank among the seven populations, with the population having the highest 
frequency for each band having a rank of 1 for that band and the population having the 
lowest frequency having a rank of 7. The populations were then compared by Analysis of 
Variance (ANOVA, SPSS version 8.0) for relative frequency rank for all bands. The 
number of bands per individual at each locus were compared between clean and impacted 
populations by chi-square. 
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Table 3.1. Number of scorable individuals for the mussel Mytilus galloprovincialis. 
Primer OPG-06 	 Primer OPG-08 
Total # 	# of 	Total # 	# of 
of scorable of scorable 
individuals individuals 	individuals individuals 
CLEAN 
Jetty in lower 
Newport Bay (NP) 	 30 
Outer Harbor 
at Dana Point (DP) 	 30 
Catalina Harbor 
at Catalina Island (CA) 	 30 
IMPACTED 
Port Hueneme Harbor (PH) 	30 
Fire Station (# 49) (FS) 
inner Los Angeles Harbor 	30 
San Pedro 
27 	 30 	30 
30 	 30 	30 
30 	 30 	29 
26 	 30 	28 
28 	 30 	28 
Fire Boat (Fire Station # 20) 
(FB) 	 30 	29 	 30 	28 
in Long Beach Harbor 
Long Beach 
Balboa Island (BI) 
in Newport Bay 	 30 	29 	 30 	27 
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Table 3.2. Number of scorable individuals for the barnacle Balanus glandula. 
Primer OPG-05 	Primer OPG40  Primer OPG41 	Primer OPG-12 
# of 	 # of 	 # of 	 # of 
Total # of 	scorable Total # of 	scorable Total # of 	scorable Total # of 	scorable 
individuals Individuals individuals Individuals individuals Individuals individuals Individuals 
CLEAN 
Jetty in lower 
Newport Bay (NP) 	 23 	15 	 17 	14 	 18 	17 	 26 	11 
Outer Harbor 
at Dana Point (DP) 	 23 	22 	 19 	19 	 20 	19 	 22 	20 
Isthmus Cove 
at Catalina Island (CA) 	 20 	12 	 20 	18 	 20 	15 	 29 	14 
IMPACTED 
Port Hueneme Harbor (PH) 
Fire Station (# 49) (FS) 
inner Los Angeles Harbor 
San Pedro 
22 	18 	 19 	19 	 19 	17 	 26 	21 
24 	 8 	 21 	14 	 21 	13 	 28 	10 
Fire Boat (Station # 20) (FB) 
in Long Beach Harbor 	 23 	21 	 20 	19 	 20 	16 	 29 	19 
Long Beach 
Balboa Island (BI) 







The populations were compared using several different diversity indices. The standard 
diversity index (Nei, 1987) and molecular diversity index (Tajima, 1983, 1991), which 
are frequently used to express gene diversity, were calculated using ARLEQUIN version 
1.1. They both represent the mean expected heterozygosity per locus in a population. 
Standard diversity index is the probability that two randomly chosen haplotypes are 
different in the sample, while molecular diversity index is the mean number of 
differences between all pairs of haplotypes in the sample divided by the number of loci. 
Rarefaction analysis (Sanders, 1968), which as used in this study is an expression of how 
many different haplotypes one can expect to have sampled as one randomly samples an 
increasing number of individuals within each population, was also used to assess 
diversity. A larger number for any of the diversity indices and a larger value for the 
rarefaction analysis at any given sample size represents higher diversity. A comparison of 
the richness (How many types ofhaplotypes are present) and evenness (How evenly they 
are distributed) of haplotypes was also performed. For all the diversity analyses the 
"clean" sites were analyzed as one population and the "impacted" sites were combined 
into another population so that diversity indices for clean and impacted sites could be 
directly compared. The number of shared haplotypes among populations was also 
compared between the clean and impacted sites by ANOV A. 
The relative similarity among populations based on comparisons of their band frequencies 
was illustrated by UPGMA (Unweighted Pair-Group Method using Arithmetic Average, 
SPSS 8.0) cluster analysis among the populations for each individual primer and for all 
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primers combined. Squared Euclidian distance was used as the dissimilarity 
measurement based on the difference of genetic distance. 
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Results 
Band frequency and heterozyaiosity 
The scorable bands revealed considerable polymorphism in all populations in both 
mussels Mytilus galloprovincialis and barnacles Ba/anus glandula (Figures 3.2, 3.3; 
Tables 3.3 to 3.8). 
Band frequency ranged from 0.03 to 1.00 in the mussel and 0.04 to 0.82 in the barnacle 
on the average (Tables 3.3 to 3.8). None of the bands were found uniquely (private 
alleles) in either the clean or impacted populations. The overall distribution of band 
frequencies was similar in all the populations. 
Band frequency per locus for overall populations, however, as determined by frequency 
rank, differed significantly between the clean and impacted populations. Oneway 
ANOV A of mean ranked band frequency in mussel populations at clean sites was 
significantly higher than in impacted for both primers (Tables 3.3, 3.4). This result was 
also seen for three of the four primers used with barnacles (Tables 3.5 to 3.8). In most 
cases the higher band frequency at the clean sites was highly significant. Only for 
barnacle primer OPG-5 was the band frequency for clean sites, though higher, not 
significant (Table 3.5). In all, every one of the 22 loci (100%) in mussels and 45 of the 
53 loci (85%) in barnacles showed higher band frequency in populations from the clean 
sites than in those from the impacted sites. 
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Figure 3.2. Changes in RAPD-PCR band frequency for Mytilus galloprovincialis 
between clean and impacted sites. Bands for each primer are ordered by decreasing 
frequency for the clean sites. Arrows show bands which are at significantly different 
frequency at impacted sites than at clean sites (Chi square). No bands were more frequent 
at impacted sites than at clean sites. 
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Table 3.3. Band frequency: proportion of the population showing each RAPD band locus 
for primer OPG-06 in the mussel Mytilus galloprovincialis. P = probability of equality by 
ANOVA. 
Primer OP G-06  
Clean 	 Impacted 
Locus NP DP CA Mean 	PH FS FB BI Mean 
	
1 	0.04 0.00 0.07 0.03 	0.04 0.00 0.00 0.00 0.01 
2 	0.11 0.23 0.37 0.21 	0.12 0.14 0.10 0.31 0.12 
3 	0.15 0.30 0.27 0.18 	0,08 0.18 0.17 0.21 0.10 
4 	0.26 0.50 0.37 0.23 	0.15 0.25 0.17 0.41 0.11 
0.00 0.13 0.10 0.08 	0.00 0.00 0.07 0.03 0.02 
6 	0.07 0.10 0.17 0.11 	0.04 0.11 0.00 0.14 0.06 
7 	1.00 0.00 1.00 0.56 	1.00 1.00 1.00 0.93 0.30 
8 	0.04 0.13 0.20 0.13 	0.00 0.11 0.14 0.07 0.03 
9 	0.41 0.03 0.27 0.15 	0.11 0.00 0.00 0.03 0.01 
10 	0.22 0.17 0.23 0.17 	0.04 0.11 0.28 0.17 0.10 
11 	0.30 0.20 0.13 0.16 	0.04 0.04 0.14 0.10 0.06 
12 	0.07 0.07 0.13 0.08 	0.00 0.00 0.03 0.03 0.02 
Mean of frequency rank 	5.00 	 3.25 
SD of frequency rank 	1.81 	 1.72 
P 	 <0.0005 
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Table 3.4. Band frequency: proportion of the population showing each RAPD band locus 
for primer OPG-08 in the mussel Mytilus galloprovincialis. P = probability of equality by 
ANOVA. 
Primer OPG-08  
Clean 	 Impacted 
Locus NP DP CA Mean PH FS FB B1 Mean  
	
0.33 0.83 0.71 0.39 	0.43 0.36 0.67 0.15 0.23 
2 	0.23 0.50 0.50 0.26 	0.32 0.32 0.39 0.18 0.23 
3 	0.43 0.47 0.69 0.35 	0.36 0.54 0.46 0.30 0.24 
4 	0.83 1.00 0.96 0.61 	0.86 0.75 0.82 0.85 0.41 
5 	0.00 0.10 0.00 0.03 	0.04 0.04 0.00 0.00 0.02 
6 	0.60 0.90 0.79 0.46 	0.43 0.39 0.61 0.37 0.24 
7 	0.33 0.37 0.36 0.26 	0.21 0.25 0.32 0.07 0.16 
8 	0.67 0.67 0.57 0.35 	0.21 0.25 0.32 0.11 0.19 
9 	0.40 0.17 0.18 0.20 	0.07 0.07 0.14 0.15 0.11 
10 	0.17 0.03 0.18 0.11 	0.04 0.14 0.00 0.00 0.05 
Mean of frequency rank 	5.33 
	
3.00 



























Table 3.5. Band frequency: proportion of the population showing each RAPD band locus 




























PH FS FB B1 Mean 
0.06 0.00 0.00 0.04 0.03 
0.33 0.12 0.05 0.32 0.17 
0.22 0.12 0.00 0.14 0.10 
0.61 0.25 0.62 0.45 0.23 
0.28 0.00 0.14 0.00 0.10 
0.39 0.50 0.29 0.45 0.22 
0.72 0.50 0.57 0.73 0.30 
0.17 0.00 0.19 0.27 0.17 
0.17 0.00 0.05 0.14 0.10 
Clean 
Mean of frequency rank 	4.370 
	
3.722 





Table 3.6. Band frequency: proportion of the population showing each RAPD band 
locus for primer OPG-10 for the barnacle Balanus glandula. P = probability of equality 
by ANOVA. 
Primer OPG-10  
Clean 	 Impacted 
Locus NI) DP CA Mean 	PH FS FB BI Mean 
	
1 	0.07 0.00 0.00 0.02 	0.00 0.00 0.00 0.10 0.03 
2 	0.07 0.00 0.11 0.06 	0.00 0.07 0.10 0.10 0.07 
3 	0.14 0.05 0.00 0.06 	0.00 0.00 0.00 0.05 0.01 
4 	0.14 0.00 0.00 0.04 	0.00 0.07 0.00 0.00 0.01 
5 	0.07 0.00 0.06 0.04 	0.00 0.00 0.05 0.00 0.01 
6 	0.00 0.21 0.06 0.10 	0.10 0.07 0.16 0.00 0.08 
7 	0.14 0.58 0.28 0.35 	0.00 0.07 0.05 0.16 0.07 
8 	0.14 0.53 0.44 0.39 	0.16 0.14 0.21 0.32 0.21 
9 	0.29 0.32 0.22 0.27 	0.16 0.07 0.00 0.10 0.08 
10 	0.29 0.58 0.28 0.39 	0.26 0.07 0.26 0.16 0.20 
11 	0.86 0.63 0.44 0.63 	0.16 0.00 0.10 0.16 0.11 
12 	0.43 0.32 0.67 0.47 	0.26 0.29 0.37 0.53 0.37 
13 	0.57 0.68 0.56 0.61 	0.42 0.29 0.47 0.26 0.37 
14 	0.57 0.68 0.28 0.51 	0.16 0.29 0.37 0.26 0.27 
15 	0.50 0.84 0.33 0.57 	0.32 0.36 0.26 0.42 0.34 
16 	0.43 0.95 0.56 0.67 	0.47 0.64 0.58 0.37 0.51 
17 	0.79 0.73 0.67 0.73 	0.53 0.50 0.58 0.32 0.48 
18 	0.57 0.79 0.61 0.67 	0.16 0.29 0.58 0.32 0.34 
Mean of frequency rank 	5.139 






Table 3.7. Band frequency: proportion of the population showing each RAPD band 
locus for primer OPG-1 I for the barnacle Balanus glandula. P = probability of equality 
by ANOVA. 
Primer 0PG-11  
Clean 	 Impacted 
Locus 	NP DP CA Mean 	F'H FS FB BI Mean 
	
1 	0.47 0.32 0.00 0.25 	0.12 0.08 0.19 0.10 0.12 
2 	0.23 0.05 0.00 0.10 	0.18 0.08 0.21 0.21 0.20 
3 	0.06 0.10 0.00 0.06 	0.18 0.00 0.12 0.10 0.11 
4 	0.06 0.05 0.00 0.04 	0.06 0.00 0.00 0.00 0.02 
5 	0.06 0.32 0.07 0.16 	0.12 0.00 0.19 0.05 0.09 
6 	0.65 0.89 0.33 0.57 	0.53 0.31 0.62 0.42 0.37 
7 	0.12 0.47 0.40 0.27 	0.12 0.15 0.06 0.10 0.12 
8 	0.06 0.53 0.07 0.20 	0.29 0.00 0.12 0.21 0.15 
9 	0.59 0.53 0.33 0.45 	0.23 0.23 0.25 0.05 0.17 
10 	0.53 0.37 0.47 0.41 	0.41 0.15 0.37 0.37 0.28 
11 	0.71 0.37 0.60 0.53 	0.29 0.31 0.37 0.37 0.29 
12 	0.47 0.53 0.33 0.43 	0.18 0.15 0.25 0.10 0.17 
13 	0.47 0.26 0.40 0.33 	0.00 0.08 0.12 0.05 0.06 
14 	0.65 0.05 0.47 0.37 	0.00 0.08 0.19 0.00 0.05 
Mean of frequency rank 	4.940 	 3.295 
SD of frequency rank 	1.982 	 1.670 
P 	 <0.0005 
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Table 3.8. Band frequency: proportion of the population showing each RAPD band 
locus for primer OPG-12 for the barnacle Balanus glandula. P = probability of equality 
by ANOVA. 
Primer 0PG42  
Clean 	 Impacted 
Locus 	Ni DP CA Mean 	PH FS FB Bi Mean 
	
1 	0.18 0.05 0.13 0.11 	0.09 0.10 0.21 0.17 0.15 
2 	0.00 0.10 0.07 0.07 	0.09 0.20 0.21 0.06 0.13 
3 	0.09 0.10 0.36 0.18 	0.05 0,20 0.26 0.28 0.13 
4 	0.45 0.50 0.64 0.53 	0,19 0.20 0.37 0.39 0.28 
5 	0.09 0.25 0.50 0.29 	0.29 0.10 0.26 0.06 0.15 
6 	0.18 0.20 0.43 0.27 	0.19 0.20 0.26 0.30 0.26 
7 	0.82 0.45 0.36 0.51 	0.62 0.50 0.47 0.56 0.47 
8 	0.82 0.20 0.64 0.49 	0.43 0.10 0.37 0.28 0.29 
9 	0.18 0.45 0.21 0.31 	0.09 0.10 0.16 0.22 0.15 
10 	0.64 0.75 0.29 0.49 	0.29 0.10 0.47 0.22 0.26 
11 	0.27 0.35 0.64 0.42 	0.05 0.20 0.05 0.17 0.10 
12 	0.36 0.20 0.43 0.31 	0.19 0.00 0.37 0.22 0.21 












Since RAPD-PCR bands by convention are taken to represent the dominant form and may 
appear in either the homozygous or heterozygous condition, a higher band frequency 
represents increased prevalence of either the dominant condition or of increased 
heterozygosity. In other words, fewer individuals which are homozygous recessive are 
found at the clean sites, while homozygous recessives are relatively more common at the 
impacted sites. 
There was a good deal of similarity in the relative frequencies of the different bands 
within each population. Many of the bands most common in clean sites were often most 
common in impacted; and all bands found in clean populations were found in impacted as 
well and vice versa (Tables 3.3 to 3.14; Figures 3.2, 3.3). The most consistent difference 
between clean and impacted sites was that the common bands at the clean sites were less 
common at the impacted sites (Figures 3.2, 3.3). Many of these differences were 
significant (Chi square). None of the common bands were found in significantly greater 
frequency at the impacted sites as a whole than at the clean, but several uncommon bands 
were. The overall effect, therefore, was of a "flattening" of the frequency distribution of 
the different bands at the impacted sites, with common bands becoming less frequent and 
uncommon bands being little affected or slightly increased (Figures 3.2, 3.3). 
The average number of bands per individual for all loci was higher from clean sites in the 
mussel populations. This difference was significantly higher for 7 of the 22 loci for the 
two primers (Tables 3.9, 3.10). In barnacles, the number of bands per individual at each 
locus from most loci was also higher in the clean populations and was significantly higher 
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Table 3.9. The number of bands per individual for primer OPG-06 for the mussel 
Mytilus galloprovincialis. ns = not significant. 
Clean 	 Impacted 
Total # of 
individuals  87 	 112  
  
    
# of individuals # of bands per 	# of individuals # of bands per 	Significance 
Locus 	having 	bands 	individual having 	bands 	individual (Chi-square) 
	
1 	 3 	 0.03 	 1 	 0.01 	ns 
2 	18 	0.21 	 13 	0.12 	ns 
3 	16 	0.18 	 11 	0.10 	ns 
4 	20 	0.23 	 12 	0.11 	<0.05 
5 	 7 	 0.08 	 2 	 0.02 	ns 
6 	10 	0.11 	 7 	 0.06 	•ns 
7 	49 	0.56 	 34 	0.30 	<0.01 
8 	ii 	0.13 	 3 	 0.03 	<0.025 
9 	13 	0.15 	 1 	 0.01 	<0.005 
10 	15 	0.17 	 ii 	0.10 	ns 
11 	14 	0.16 	 7 	 0.06 	ns 
12 	7 	 0.08 	 2 	 0.02 	ns 
Average # 
of bands per 




Table 3.10. The number of bands per individual for primer OPG-08 for the mussel 
Mytilus galloprovincialis. ns = not significant. 
Clean 	 impacted 
Total # of 
individuals 89 	 iii 
 
   
# of individuals # of bands per 	# of individuals 	# of bands per 	Significance 
Locus 	having bands 	individual having bands individual (Chi-square) 
	
1 	35 	0.39 	 26 	0.23 	ns 
2 	23 	0.26 	 25 	0.23 	ns 
3 	31 	0.35 	 27 	0.24 	ns 
4 	54 	0.61 	 45 	0.41 	ns 
5 	 3 	0.03 	 2 	0.02 	<0.025 
6 	41 	0.46 	 27 	0.24 	<0.025 
7 	23 	0.26 	 18 	0.16 	ns 
8 	31 	0.35 	 21 	0.19 	<0.05 
9 	18 	0.20 	 12 	0.11 	ns 
10 	10 	0.11 	 5 	 0.05 	ns 
Average # of 
bands per 




Table 3.11. The number of bands per individual for primer OPG-05 for the barnacle 





   
Total # of 
Individuals 
# of individuals # of bands per 	# of individuals 	# of bands per Significance 
Locus 	having bands 	individual having 	bands individual 	(Chi-square) 
	
1 	 1 	0.02 	 2 	0.03 	<0.005 
2 	10 	0.20 	 12 	0.17 	ns 
3 	12 	0.24 	 7 	0.10 	ns 
4 	15 	0.31 	 16 	0.23 	ns 
5 	10 	0.20 	 7 	0.10 	ns 
6 	21 	0.43 	 15 	0.22 	ns 
7 	18 . 	0.37 	 21 	0.30 	ns 
8 	3 	0.06 	 12 	0.17 	ns 
9 	13 	0.27 	 7 	0.10 	ns 
Average # of 
bands per 
individual 2.10 1.43 
ANOVA 
<0.010 
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Table 3.12. The number of bands per individual for primer OPG-10 for the barnacle 
Balanus glandula. ns = not significant. 
Clean 	 Impacted 
Total # of 
Individuals 51 	 71 
 
   
# of individuals # of bands per 	# of individuals # of bands per Significance 
Locus 	having bands 	individual having bands 	individual 	(Chi-square) 
	
1 	 1 	0.02 	 2 	0.03 	<0.005 
2 	 3 	0.06 	 5 	0.07 	ns 
3 	 3 	0.06 	 1 	0.01 	ns 
4 	 2 	0.04 	 1 	0.01 	<0.005 
5 	 2 	0.04 	 1 	0.01 	<0.005 
6 	 5 	0.10 	 6 	0.08 	ns 
7 	18 	0.35 	 5 	0.07 	<0.005 
8 	20 	0.39 	 15 	0.21 	ns 
9 	14 	0.27 	 6 	0.08 	<0.025 
10 	20 	0.39 	 14 	0.20 	ns 
11 	32 	0.63 	 8 	0.11 	<0.005 
12 	24 	0.47 	 26 	0.37 	ns 
13 	31 	0.61 	 26 	0.37 	ns 
14 	26 	0.51 	 19 	0.27 	<0.05 
15 	29 	0.57 	 24 	0.34 	ns 
16 	34 	0.67 	 36 	0.51 	ns 
17 	37 	0.73 	 34 	0.48 	ns 
18 	34 	0.67 	 24 	0.34 	<0.025 
Average # of 
bands per 




Table 3.13. The number of bands per individual for primer OPG-11 for the barnacle 
Balanus glandula. ns = not significant. 
Clean 	 Impacted 
51 	 65  
# of individuals # of bands per 	# of individuals # of bands per Significance 
Locus 	having bands 	individual having 	bands 	individual 	(Chi-square) 
	
1 	 13 	0.25 	 8 	 0.12 	ns 
2 	 5 	 0.10 	 13 	0.20 	ns 
• 3 	 3 	 0.06 	 7 	0.11 	ns 
4 	 2 	0.04 	 1 	 0.02 	<0.05 
5 	 8 	0.16 	 6 	0.09 	ns 
6 	 29 	0.57 	 24 	0.37 	ns 
7 	 14 	0.27 	 8 	 0.12 	ns 
8 	 10 	0.20 	 10 	0.15 	ns 
9 	 23 	0.45 	 11 	0.17 	<0.01 
10 	21 	0.41 	 18 	0.28 	ns 
11 	27 	0.53 	 19 	0.29 	ns 
12 	22 	0.43 	 11 	0.17 	<0.025 
13 	17 	0.33 	 4 	0.06 	<0.005 
14 	19 	0.37 	 3 	 0.05 	<0.005 
Average # 





Total # of 
Individuals 
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Table 3.14. The number of bands per individual for primer OPG-12 for the barnacle 
Balanus glandula. ns not significant. 
Clean 	 Impacted 
Total # of 
Individuals 45 	 68 
 
   
# of individuals # of bands per 	# of individuals # of bands per Significance 
Locus 	having 	bands 	individual having bands 	individual 	(Chi-square) 
	
1 	 5 	0.11 	 10 	0.15 	<0.025 
2 	3 	0.07 	 9 	0.13 	ns 
3 	8 	0.18 	 9 	0.13 	ns 
4 	24 	0.53 	 19 	0.28 	<0.05 
5 	13 	0.29 	 10 	0.15 	ns 
6 	12 	0.27 	 18 	0.26 	ns 
7 	23 	0.51 	 32 	0.47 	ns 
8 	22 	0.49 	 20 	0.29 	ns 
9 	14 	0.31 	 10 	0.15 	ns 
10 	22 	0.49 	 18 	0.26 	ns 
11 	19 	0.42 	 7 	0.10 	<0.005 
12 	14 	0.31 	 14 	0.21 	ns 
Average # of 
bands per 




locus from most loci was also higher in the clean populations and was significantly higher 
at 14 of the 53 loci for the four primers although the number of bands per individual was 
significantly higher at 3 loci from impacted sites (Tables 3.11 to 3.14). All the bands 
with a significant increase at the impacted sites were from uncommon loci. 
Haplotype Diversity 
Haplotype diversity was measured by calculating the total number of different haplotypes 
("richness") in the population and frequency of each haplotype in the population 
("evenness" - how evenly they are distributed) during random sampling. Table 3.15 
shows that haplotype richness, expressed as the number of haplotypes divided by the 
number of individuals, is significantly higher in mussels clean populations for primer 
OPG-06. However, haplotype richness higher but not significant so for both species from 
the rest of the primers in the clean sites. Haplotype evenness, while not so easy to 
directly observe especially since haplotype richness in the present study is very high, also 
appears to be higher at the clean sites (Table 3.16). Populations with a high degree of 
evenness will have a similar number of individuals of many different haplotypes, while 
populations with less "evenness" will have relatively large numbers of a few haplotypes 
while many other haplotypes are rare. One can test how evenly distributed the counts of 
individuals of each haplotype are by observing the standard deviation of the counts. If 
counts are evenly distributed, the standard deviation will be low, while a less even 
distribution will produce a higher standard deviation. Table 3.16 shows that the standard 
deviation of the counts of the number of individuals of each haplotype is lower for the 
clean sites for both species and for every primer, indicating a more even distribution of 
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Table 3.15. Comparison of the number of haplotypes ("haplotype richness") determined by each primer between 
the clean and impacted populations. 
Clean 	 Impacted 
Total 	Total 	 Total 	Total 	 Significance 
Mussel 	Individuals Haplotypes Proportion 	Individuals Haplotypes Proportion (Chi square)  
OPG-06 	87 	49 	0.56 	 112 	36 	0.32 	<0.01 
OPG-08 	89 	59 	0.66 	 111 	58 	0.52 	ns 
Barnacle 
00 	OPG-05 	49 	31 	0.63 	 69 	34 	0.49 	ns 
OPG-10 	51 	50 	0.98 	 71 	64 	0.90 	ns 
OPG-11 	51 	47 	0.92 	 65 	52 	0.80 	ns 
OPG-12 	45 	41 	0.91 	 68 	53 	0.78 	ns 
Table 3.16. A comparison of the evenness of the distribution of haplotypes between clean and impacted 
sites, based on the standard deviation (SD) of the number of individuals having each haplotype. The natural log 
column corrects for skewed distributions. For each clean vs impacted comparison, the group having the lowest 
SD has the most evenness of haplotype distribution. Note that for every primer the clean populations have the 
lower SD and therefore the distribution of clean haplotypes is more even. 
SD of Haplotype counts 	 SD of Natural Log of Haplotype Counts 
Clean 	 Impacted 	 Clean 	 Impacted 
Mussel 
OPG-06 	 2.18 	 5.92 	 0.6140 	 0.8621 
OPG-08 0.94 1.97 0.4650 0.6176 
Barnacle 
OPG-05 	 1.06 	 2.26 	 0.4863 	 0.6827 
OPG-10 0.14 0.44 0.09803 0.2382 
OPG-11 	 0.35 	 0.81 	 0.2104 	 0.3616 
OPG-12 0.62 0.86 0.2514 0.3916 
haplotypes. Since counts of this type tend to be skewed to the right, a better comparison 
can be made between the natural logs of the standard deviation counts, as is also shown in 
the table. 
While there was strong overlap among diversity indices at all sites, comparison of the 
clean sites as a whole with the impacted sites as a whole consistently revealed higher 
diversity at the clean sites (Table 3.17). Both standard diversity and molecular diversity 
indices, whether raw or ranked, were higher at the clean sites than at the impacted sites 
for both species. Several of these differences were significant. 
Similarly to the numeric diversity indices, rarefaction analysis showed a consistently 
higher diversity at clean sites than at impacted sites in both mussels and barnacles as well 
(Figure 3.4). Especially, there was much higher haplotype diversity from OPG-06 in 
populations at clean sites than at impacted sites in mussels. 
Shared Haplotypes  
Higher gene diversity implies that fewer individuals share the same haplotypes. 
Individuals in impacted populations shared more haplotypes with each other and with 
individuals in other impacted populations than they did with individuals in clean 
populations for both mussels and barnacles. Individuals in clean populations, in contrast, 
did not share haplotypes as much as did individuals in impacted populations. A number 
of these differences are significant (Tables 3.18 to 3.23). in mussels, from both primers 
OPG-06 and OPG-08, more haplotypes were shared per individual in clean populations 
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Table 3.17. Comparison of diversity indices at clean vs impacted sites. P = probability 
of equality by ANOVA. 
Standard Diversity Index 	 Molecular Diversity Index 




5.00 	 0.296 	 5.17 
	
0.181 	 0.122 	 0.202 	 0.065 
Impacted 	0.92 
	
3.25 	 0.232 	 3.13 
Barnacle 
Clean 	0.988 	 4.71 	 0.343 	 5.25 
0.221 	 0.103 	 0.009 	 0.003 
Impacted 	0.979 	 3.47 	 0.289 	 3.06 
Combined 
Clean 	0.982 	 4.81 	 0.327 	 5.22 
0.110 	 0.021 	 0.010 	 0.01 
Impacted 	0.959 	 3.40 	 0.27 	 3.08 
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Figure 3.4. Rarefaction curves for each primer for the mussel and barnacle. Higher 
curves indicate higher diversity. Note that for every primer the clean populations have 
higher diversity. 
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Table 3.18. Proportion of Shared Haplotypes from primer OPG-06 in the mussel 
Mytilus galloprovincialis. P = probability of equality by ANOVA. 
CLEAN 	 IMPACTED 
Site NPDP CA PH FS FB BI 
Newport Bay 	* 
Dana Point 	 4/60 	* 
Catalina Harbor 	6/60 	5/59 	* 
Port Hueneme 	6 	4 	5 	* 
Fire Station 	7 	4 	3 	 7/56 	* 
Fire Boat 	 4 	5 	5 	7/56 	9/56 	* 
Balboa Island 	3 	2 	3 	6/55 	6/55 	6/55 
Proportion of 
Shared Haplotypes 	 0.080 	 0.098 
ANOVA (P) 	 0.242 
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Table 3.19. Proportion of Shared Haplotypes from primer OPG-08 in the mussel 
Mytilus galloprovincialis. P = probability of equality by ANOVA. 
CLEAN 	 IMPACTED 
Site 	 NP DP CA PH FS FB BI 
Newport Bay 	* 
Dana Point 	 4/60 	* 
Catalina Harbor 	6/60 	5/59 	* 
Port Hueneme 	6 	4 	5 	 * 
Fire Station 	 7 	4 	3 	 7/56 	* 
Fire Boat 	 4 	5 	5 	 7/56 	9/56 	* 
Balboa Island 	3 	2 	3 	 6/55 	6/55 	6/55 
Proportion of 
Shared Haplotypes 	 0.084 	 0.123 
ANOVA (P) 	 0.008 
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Table 3.20. Proportion of Shared Haplotypes from primer OPG-05 in the barnacle 
Balanus glandula. P = probability of equality by ANOVA. ns = not significant. 
CLEAN 	 IMPACTED 
Site 	 NP DP CA PH FS FB BI 
Newport Bay 	* 
Dana Point 	 4/37 	* 
Isthmus Cove 	4/27 	4/34 	* 
Port Hueneme 	4 	2 	1 	 * 
Fire Station 	 4 	2 	2 	 3/26 	* 
Fire Boat 	 5 	3 	2 	 4/39 	3/29 	* 
Balboa Island 	5 	4 	3 	 4/40 	4/30 	7/43 	* 
Proportion of 
Shared Haplotypes 	 0.125 	 0.120 
ANOVA (P) 	 ns 
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Table 3.21. Proportion of Shared Haplotypes from primer OPG-10 in the barnacle 
Balanus glandula. P = probability of equality by ANOVA. 
CLEAN 	 IMPACTED 
Site 	 NP DP CA PH FS FB BI 
Newport Bay 	* 
Dana Point 	 0 	* 
Isthmus Cove 	0 	0 	* 
Port Hueneme 	0 	0 	1 	 * 
Fire Station 	 1 	0 	1 	 1 /33 	* 
Fire Boat 	 0 	0 	1 	 2/38 	0 	* 
Balboa Island 	0 	0 	0 	 1/38 	1/33 	0 	* 
Proportion of 
Shared Haplotypes 	 0.000 	 0.023 
ANOVA (P) 	 0.096 
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Table 3.22. Proportion of Shared Haplotypes form primer OPG-11 in the barnacle 
Balanus glandula. P = probability of equality by ANOVA. 
CLEAN 	 IMPACTED 
Site 	 NP DP CA PH FS FB BI 
Newport Bay 	 * 
Dana Point 	 0 	* 
Isthmus Cove 	 0 	0 	* 
Port Hueneme 	0 	1 	0 	 * 
Fire Station 	 0 	0 	2 	 3/30 	* 
Fire Boat 	 0 	0 	0 	 2/38 	2/29 	* 
Balboa Island 	0 	1 	2 	 3/36 	2/32 	1/35 
Proportion of 
Shared Haplotypes 	 0.000 	 0.066 
ANOVA (P) 	 0.003 
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Table 3.23. Proportion of Shared Haplotypes from primer OPG-12 in the barnacle 
Balanus glandula. P = probability of equality by ANOVA. 
CLEAN 	 IMPACTED 
Site 	 NP DP CA PH FS FB BI 
Newport Bay 	 * 
Dana Point 	 0 	* 
Isthmus Cove 	 0 	1/34 	* 
Port Hueneme 	0 	1 	1 	 * 
Fire Station 	 0 	0 	1 	 2/31 	* 
Fire Boat 	 1 	1 	1 	 2/40 	2/28 	* 
Balboa Island 	2 	1 	1 	 1/39 	1/28 	3/37 	* 
Proportion of 
Shared Haplotypes 	 0.010 	 0.055 
ANOVA (P) 	 0.016 
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than in impacted populations, and the difference between clean and impacted is 
significant from primer OPG-08 (Table 3.19). In barnacles, haplotypes shared per 
individual in impacted populations from primers OPG-11 and OPG-12 are more than in 
clean populations and the difference is significant (Tables 3.22, 3.23). There were more 
shared haplotypes per individual in impacted populations than in clean populations from 
primer OPG-10 even though the difference is not significant (Table 3.21). For primer 
OPG-05, there is no significant difference for shared haplotypes per individual between 
clean populations and impacted populations although the number was slightly higher in 
clean than in impacted (Table 3.20). Together these consistently indicate that not only are 
the populations at the impacted sites less diverse than those at the clean sites, but that the 
loss of diversity follows a similar pattern at each of the impacted sites so that certain 
haplotypes are becoming more common at each site even though the sites are widely 
scattered geographically from each other. This implication was further demonstrated by 
cluster analysis below. 
Cluster analysis  
The UPGMA (Unweighted Pair-Group Method using Arithmetic Averages) cluster 
analysis, which compares genetic distance based on relative band frequencies among the 
six primers and seven sites showed similar results for both species. (Figure 3.5 to 3.7). 
There was no consistent relationship between either the geographical proximity of sites or 
their latitude and their distance from one another on the cluster diagram. For example, 
Balboa Island and Newport Jetty were very close geographically yet they did not cluster 
together on the UPGMA diagram. The clean sites in general did not group closely with 
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Figure 3.5. UPGMA cluster analysis showing the Squared Euclidean Distance among the 
populations in this study based upon individual primer for the mussel Mytilus 
galloprovincialis. Note that many of the impacted sites cluster more closely together than 
do the clean sites. See Figure 3.7 for a summary of all primers. PH (Port Hueneme 
Harbor), FS (Fire Station #49, inner Los Angeles Harbor), FB (Fire Boat - Fire Station 
#20, Long Beach Harbor), B1 (Balboa Island in Newport Bay), CA (Catalina Harbor), NP 
(Jetty in lower Newport Bay) and DP (Outer Harbor at Dana Point). 
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• Figure 3.6. UPGMA cluster analysis showing the Squared Euclidean Distance among the - 
populations in this study based upon individual primer for the barnacle Balanus glandula. 
Note that many of the impacted sites cluster more closely together than do the clean sites. 
See Figure 3.7 for a summary of all primers. PH (Port Hueneme Harbor), FS (Fire 
Station #49, inner Los Angeles Harbor), FB (Fire Boat - Fire Station #20, Long Beach 
Harbor), BI (Balboa Island in Newport Bay), CA (Catalina Harbor), NP (Jetty in lower 
Newport Bay) and DP (Outer Harbor at Dana Point). 
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Figure 3.7. UPGMA cluster analysis showing the Squared Euclidean Distance among the 
populations in this study based upon all primers. Note that the impacted sites cluster 
together, while the clean sites do not cluster with one another nor with the impacted sites. 
A. Mussel Mytilus galloprovincialis; B. Barnacle Balanus glandula. 
96 
one another nor with the impacted sites, while the impacted sites were much more 
similar to one another and clustered closely together. The UPGMA cluster analysis 
requires six steps to join the seven populations. For both species combined, the average 
step at which one of the impacted sites joined another population was step 2.40, while the 
average clean site did not join another population until step 4.42; a highly significant 
difference (ANOVA, P <0.001) (Table 3.24). Similarly, on average all the impacted 
sites in mussel were joined together by step 3.33, while the clean sites were invariably not 
all joined together until step 6. Also, when comparing squared euclidean distances which 
measures dissimilarity among individual populations, the average distance between 
individual impacted populations was smaller for every primer than the distance between 
individual clean populations or between clean and impacted populations. This difference 
was highly significant by ANOVA for both species (Table 3.25). 
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Table 3.24. Comparing Average UPGMA joining step for clean versus impacted 
populations and for each individual population. 
Average 
joining step ANOVA (P)  
Mussel 
Fire Station (#49) 	 1 
Port Hueneme Harbor 
Catalina Harbor 	 2.5 
Newport Bay 3.5 
Balboa Island 	 3.5 
Dana Point 4.0 




Clean 	 3.33 
Impacted 2.38 0.307 
Barnacle 
Port Hueneme Harbor 	 1.5 
Balboa Island 	 1.75 
Fire Boat (Fire station #20) 	2.00 
Fire Station (#49) 	 3.00 
Newport Bay 	 3.50 
Isthmus Cove in Catalina Island 3.75 








Both species combined 
Clean 	 4.42 
<0.0005 
Impacted 	 2.40 
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Table 3.25. Comparison of squared euclidean distances between individual impacted populations, between 
clean and impacted populations, and between individual clean populations. Breaks in the lines indicate 
significant differences. 
Impacted 	Impacted 	Clean 
With 	with 	with 	P 
Primer Impacted 	Clean Clean (ANOVA) 
Mytilus galloprivincialis OPG-06 0.105 	0.529 	0.865 	0.036 
	
OPG-08 0.210 	0.571 	0.328 0.060 
Total 	0.158 	0.550 	0.597 	0.008 
Balanus glandula 	OPG-05 0.235 	0.476 	0.783 	0.089 
OPG-10 0.272 	1.212 0.868 0.005 
OPG-11 0.187 	0.914 	0.910 <0.0005 
OPG-12 0.259 	0.718 	0.789 0.001 
Total 	0.238 	0.830 	0.838 	<0.0005 
Discussion 
Sublethal responses of animal populations caused by chronic exposure to pollution are 
generally more difficult to characterize than are lethal or community-level responses 
involving higher concentrations of toxicants. In order to quantify the magnitude of the 
sublethal response one needs an appropriate measure of the relative levels of toxicants the 
communities are exposed to, along with a carefully chosen technique suitable for 
expressing the response. This study has both examined the data on relative levels of 
toxicants at different sites using the comet assay and quantified the populations' response 
using RAPD-PCR. 
It is a difficult process to quantify the actual levels of water pollution to which animals 
are exposed in an intertidal area. Pollutant levels may vary with the tide and with 
stochastic events and measurements must be repeated frequently over a long period of 
time before a clear picture emerges. Even then, important one-time events may be 
missed. For that reason, intertidal monitoring usually relies on assays other than direct 
measurement of pollutant levels in the water. I chose to follow this method as well. 
• There are several different indirect approaches which are useful for characterizing water 
pollution levels in the intertidal zone. First, since much of the organic and inorganic 
matter in the water column eventually settles to the sediment and may remain there for 
long periods of time (Table 2.1), the sediment provides an integrative measure of 
pollutants that organisms in the local water have been exposed to (Table 2.2). While 
using this measure, however, one must keep in mind that the concentrations of many 
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compounds or metals may be much higher in the sediments than in the water column 
above and may be differentially sequestered there. Sediment pollution levels, therefore, 
can be used as a general index of pollutant levels in the local water column though they 
should not be interpreted as a direct measure of levels in the water. Second, filter-feeding 
species such as the bay mussel Mytilus galloprovincialis and the acorn barnacle Balanus 
glandula used in this study are excellent in situ biomonitors. They are sessile as adults, 
so the water mass they have been exposed to is known. As filter feeders, they process 
large volumes of water and particulates every day and are almost continuously exposed to 
any substance in the water. Analysis of such species can provide an important integrative 
measure of aquatic pollutant levels. This is why mussels especially are routinely used as 
index species for assessing pollutant levels in an area. Barnacles are less frequently used 
for this purpose for practical reasons but their lifestyle makes them also good indicators 
for pollution. Besides these quantitative measures, obvious differences I observed 
between basins such as the amount and nature of development and human activity both in 
the harbor itself and in the watershed provide further reasonable indicators of which areas 
are the more heavily impacted. 
The result of the comet assay supported my hypothesis that there was an environmental 
differentiation and that different levels of pollution due to municipal and industrial 
activities divided populations into more impacted and relatively clean. All of the 
impacted sites exhibited greater prevalence of DNA breaks than did the clean sites (Table 
2.3). This result was consistent with that observed by other investigators. Steinert at al. 
(1998), for example, demonstrated that DNA single-strand breaks occurred in mussels 
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which were exposed for about 30 days to contaminated water in San Diego Bay. Hg, Cu 
and Zn were likely the most notable contaminants, while waterborne PAHs had potential, 
non-sediment associated effects as well. 
Taking all these factors together, we can have confidence that the animals in my impacted 
sites were in fact exposed to more pollution than were those in my clean sites, even 
though the concentrations may have varied through time and the precise amount each 
animal was exposed to could not be rigorously quantified. 
Several different types of diversity analyses based on RAPD-PCR data in this study 
showed the same trend that genetic diversity in impacted populations is consistently 
lower than that in clean populations of both mussels and barnacles (Tables 3.15 to 3.23; 
Figure 3.4). Also, the diversity was not only lower in impacted sites, but that these sites 
also consistently clustered together in the UPGMA analyses (Tables 3.24, 3.25; Figures 
3.5 to 3.7). That means that individuals at impacted sites are more genetically similar to 
one another and have less genetic distance between clean and impacted populations. 
Lower haplotype diversity due to contamination gradients has also been found for 
polychaetes and copepods (Grassle and Grassle, 1974 and 1977; Street et al., 1996). In 
these studies, haplotype data which are skewed; having a ubiquious, dominant haplotype 
and several less common haplotypes. In my data, in contrast, the distribution of different 
haplotypes among individuals in populations for both mussel and barnacle are quite 
scattered with no haplotype being dominant. Many of the observed haplotypes occurred 
102 
in single individuals. This suggests that the degree of genetic diversity in these two 
species is very high. 
Though the observed changes in diversity strongly implicate environmental pollution as 
the proximal factor, the influence of potential confounding variables such as geographical 
proximity, latitudinal gradient, temperature, pH, salinity, wave action or water circulation, 
trophic enrichment, differential predation or competition for resources, recruitment, 
ecotype, inbreedingor other physical factors must be considered as well. According to the 
results in my study, however, geographical proximity clearly cannot be the causal factor 
since there is no correlation between physical proximity and genetic distance. Indeed, the 
two impacted sites which were the most similar by several distance measures, Balboa 
Island and Port Hueneme, occupied almost opposite ends of the geographic range 
covered, while the two sites physically closest to each other, Balboa Island and Newport 
Jetty, were very dissimilar from each other (Figures 3.5 to 3.7). Latitudinal gradient 
effects can be discounted for the same reason. All the sites are bathed in the same water 
mass and animals are facing similar wave action, so oceanographic differences or 
disturbance are not be the reasonable explanations. Harger's (1970) work showed that 
the maximum size of Mytilus galloprovincialis on the coast of California was negatively 
correlated with wave force. The fact that some of these sites were deep within bays while 
others were near the mouth could be considered another potential confounding factor. 
For example, trophic enrichment, decreased wave action or water circulation might affect 
individuals living deeper within the bay. However, the Catalina Harbor site was deep 
within a bay yet it clearly grouped with the "clean" sites rather than with the impacted 
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sites deep within bays, ruling out location within the bay as the causal factor. In addition, 
Gartner-Kepkay et al. (1983) found in mussels that estuarine sites with more fluctuating 
salinities (head of bay sites) have generally faster-migrating alleles at several allozyme 
loci and Hilbish et al. (1994) observed also in mussels (Mytilus galloprovincialis and M 
edulis) that Mytilus galloprovincialis exhibited three-fold higher feeding rates and a 
slightly elevated metabolic rate at 23 °C compared with M edulis. But my collection 
sites have similar temperature (14 - 20 °C) , pH (7.8-8.0), and salinity (34 -35 V.), 
therefore, these factors could not have ptoduced enough difference within those small 
ranges. 
Potential ecological factors such as differential predation or competition for resources 
among the sites can be ruled out because animals at all the sites faced similar conditions 
of competition for food or space, and in all the sites there is little predation by starfish, 
the main predators on mussels in the area. Ecotypes, a genetically differentiated 
population within a species, are usually the consequence of isolation. Obviously, the long 
period of planktonic stage of both species combined with the water circulation pattern 
within the bight allows them to potentially recruit among all sites and should not present 
any appreciable genetic isolation. Inbreeding could happen in any population, but it is 
usually caused by geographic isolation for small or nonrandomly mating populations. 
Again my populations do not fit this model because of large population size and extensive 
lava dispersal. In addition, population abundances and community structure were similar 
between clean and impacted sites in both mussels and barnacles. Therefore, these 
variables are not likely the critical factors for decreasing genetic difference between clean 
104 
and impacted populations. 
Several forces such as genetic drift, mutation, gene flow and natural selection could also 
drive the observed genetic change. Population sizes for both species in this study were 
similar and large, plus the presence of larvae in the plankton is too ubiquitous for genetic 
drift through bottleneck or founder effects to be reasonable explanations for the 
difference of genetic diversity between clean and impacted populations. Mutation, of 
course, happens in the gene pool. According to the comet assay data, more single-strand 
DNA breaks were observed in impacted populations showing that mutation could 
potentially occured. If DNA damage could not be repaired it could be passed from 
generation to generation. It is generally assumed that the absence of a specific RAPD 
band for an individual in the population implies a mutation at the primer binding site or 
the presence or absence of a fragment of DNA (insertion or deletion) between binding 
sites although the technique does not directly characterize mutation types. However, 
mutation does not appear to have been very severe based on my data because if it were 
very high, it would have created new bands or alleles, not just shifted primer binding 
sites. Therefore, mutation is not likely to be the main factor. Also, the thriving 
populations at the impacted sites argue against a high rate of mutagenesis, which would 
be expected to negatively impact the population. 
My data provide a variety of indicators that extensive gene flow appeared to be occurring 
among populations at all sites. This was evidenced by the complete overlap in types of 
bands observed in clean vs impacted sites (Tables 3.9 to 3.14) and the similar pattern of 
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band frequency found at all sites (Tables 3.3 to 3.8; figures 3.2, 3.3), as well as by a 
number of identical haplotypes shared among sites (Tables 3.18 to 3.23). On the other 
hand, since the distribution of different haplotypes among individuals in populations for 
both mussel and barnacle differed between clean and impacted sites, that means gene 
flow was not strong enough to completely homogenize overall loci as evidenced by the 
many significant differences in gene frequency (Tables 3.3 to 3.8; Figures 3.2, 3.3) and in 
the proportion of shared haplotypes. 
The significant differences among sites, combined with the fact that alternative 
explanations cannot adequately explain their pattern, indicate that differential selection is 
the primary factor producing the differences I observed between clean and impacted 
populations. Several studies have shown that very strong selection pressures can sharply 
limit gene flow between ecotypes that otherwise are close enough together to be part of 
the same deme (Christansen and Simonsen, 1978; Levinton, 1980). This occurs because 
environmental conditions are so different that any immigrants from adjacent populations 
would likely have a fitness less than that of the established populations, so the strong 
selection enforces genetic isolation. In this experiment, however, it is clear that the 
differential selection was not so strong as to block the gene flow among populations by 
larva dispersal. 
Together with the higher band frequency found in the clean populations, the higher 
standard diversity index implies that, if the populations are in Hardy-Weinberg 
equilibrium, heterozygosity is higher at the clean sites while individual homozygous 
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recessives for some bands are more common at the impacted sites. The most reasonable 
explanation is that differential selection would act on genes linked to specific phenotypes 
that may selected for in the impacted populations, leading to an increase in the 
homozygous recessive condition in those populations. Since RAPD-PCR analysis cannot 
distinguish between homozygous dominant and heterozygous conditions, we cannot 
know if the increased heterozygosity in clean sites is the result of increased homozygous 
dominants or heterozygotes or both. 
It appears that selection which occurred due to contamination was the major agent for the 
change in genetic diversity observed in the present study. Pollutants can act as a powerful 
selective force by altering genetic variability, producing selective pressure and causing 
sublethal mutations. Bruce's (1995) experiment based on PCR revealed that higher 
mercury levels showed relatively low variation of mer genes. Fox (1995) pointed out that 
chronic exposure to chemicals contribute to the cumulative stress on individuals and 
disrupts physiological processes and chemically mediated communication thereby 
threatening the diversity and long-tem survival of sexually reproducing biota. 
Directional selection on copepods because of pollutants from oil platforms was reported 
as well(Street et al., 1998). 
The pattern of higher frequency of homozygous recessives in impacted populations than 
in clean populations (Tables 3.3 to 3.8) implies that directional selection is likely 
responsible. This means that some of the very traits which seem to be the most common 
and successful in the undisturbed populations are being selected against in impacted 
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populations. If these bands associated with traits do in fact have adaptive value for the 
species, which seems likely especially for the common bands, the pollution may be 
reducing the overall viability of the impacted populations and lessening their ability to 
adapt to future challenges. In the extreme case, it may eventually even cause the 
extinction of local populations if directional selection affects the reproduction and leads 
to a gene pool dominated by few genotypes, then cause further chain reactions in the local 
community. On the other hand, as long as the selection is not too severe and a patchwork 
of impacted and clean sites exists, the pollutants may actually serve to maintain diversity 
within the overall deme by preserving traits that may be useful but would be less 
competitive in an undisturbed population. It should be noted, however, that since the 
diversity is lower in the impacted sites and no novel bands (or no new mutation caused by 
pollution) were found there, this effect may help conserve particular bands but would not 
increase overall population diversity. Similar patterns of losses in genetic variation 
associated with contamination or habitat loss have been demonstrated for a variety of 
aquatic organisms, including fish (Changon and Guttman, 1989; Murdoch and Hebert, 
1994), polychaetes (Grassle and Grassle, 1974 and 1977), copepods (Street et al., 1996 
and 1998) and even seagrasses (Alberte et al., 1994). 
Why might the low variation be harmful for the population? The individual is the basic 
unit of natural selection, while populations undergo evolutionary change is the basic unit 
which can evolve. Genetic variation within populations is important to present and future 
survival of natural populations especially for short life-span species since such variations 
allow them to quickly adapt to a variety of environments. Individuals with high 
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ecological potential are more advantageous when the population size decreases 
(Sulchodolets, 1998). The lack of appropriate variability may cause evolutionary failure 
(Bradshaw, 1991). 
In summary, comet assay and RAPD-PCR analysis are shown to be sensitive and efficient 
tools qualified to assess genetic variability and to characterize population differentiation. 
They have revealed the relationship between natural populations and their habitat. This 
study has shown that hidden losses in genetic diversity can occur within a population due 
to pollution long before the effects become great enough to cause obvious population 
shifts or local extinctions. Over time, pollution as a selection factor may affect the 
reproduction in impacted populations and lead to a gene pool dominated by few 
genotypes. 
Direct analysis of the DNA based on the results from comet assay and PCR-RAPD can 
serve as an effective early-warning signal of this loss. This knowledge and these tools 
can now be utilized in practices and policies implemented to protect marine animals and 
to promote conservation. 
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APPENDIX 1 
GLOSSARY AND LIST OF ABBREVIATIONS 
Alleles: Two alternative genes that can occupy the same chromosomal locus. 
Allozyme: A subset of isozymes or variant of an enzyme coded by a different allele 
BI: Balboa Island in lower Newport Bay, one of my "impacted" collection sites. 
BPTCP: Bay Protection and Toxic Cleanup Program, a long-term project by the 
California State Water Resources Control Board Division of Water Quality Bay 
Protection with the aid of the National Oceanic and Atmospheric Administration 
(NOAA) and the California Department of Fish and Game. 
CA: Catalina Island, one of my "clean" collection sites. Includes Catalina Harbor for the 
collection of mussels and Isthmus Cove for barnacles. 
Codominant: each of two alleles make an equivalent contribution to the phenotype of 
the heterozygote. 
CSWRCB: California State Water Resources Control Board 
Collection sites: 
BI: Balboa Island in Newport Bay 
CA: Catalina Harbor for the collection of mussels and Isthmus Cove in Catalina 
Island for the collection of barnacles 
DP: Outer Harbor at Dana Point 
FB: Fire boat ( Fire station #20) in Long Beach Harbor, Long Beach 
FS: Fire station #49, inner Los Angeles Harbor, San Pedro 
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NP: Jetty in lower Newport Bay 
PH: Port Hueneme Harbor 
Comet inertia: In the comet assay, the product of the length of the tail times its 
integrated density. It is useful for distinguishing tails having different lengths, 
numbers of fragments, and relative amounts of DNA. 
DEOT: 1 ,1-bis(4-chloropheny1)-2,2,2-trichloroethane, a pesticide formerly of wide use. 
DNA-adducts: DNA damage caused by xenobiotics such as benzorajpyrene and 
acetylaminofluorene binding to nucleic acids and protein to form covalent 
adducts. 
DP: The outer harbor at Dana Point, one of my "clean” collection sites. 
Ecotype: A genetically differentiated population within a species, the differences having 
ecological significance. 
EDTA: Ethylenediamine Tetraacetic Acid 
FB: Fire boat ( Fire station #20) in Long Beach Harbor, Long Beach. One of my 
"impacted" collection sites. 
FS: Fire station #49, inner Los Angeles Harbor, San Pedro. One of my "impacted" 
collection sites. 
Genetic distance: The difference in gene frequencies. Or broadly, any of several 
measures of the degree of genetic difference between individuals, populations, or 
species. In reference to molecular evolution, a measure of the number of 
nucleotide substitutions per nucleotide site between two homologous DNA 
sequences that have accumulated since the divergence between the sequences. 
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Genetic drift: Random changes in gene frequencies in a population. Or the fluctuation in 
allele frequencies from generation to generation caused by chance events, such as 
gamete sampling. 
Gene Diversity: A measure of genetic variability in a population. The mean expected 
heterozygosity per locus in a population. This measure can be calculated directly 
from the set of all gene frequencies. 
Gene flow: The movement of genes into, or through, a population by interbreeding, or 
by migration and interbreeding. 
Gene frequency (allele frequency): Expressed as a percentage (between 0 and 100%) or 
a proportion (between 0 and 1). The frequency of a particular gene relative to 
other genes at its locus in a population. 
Haplotype: The specific allelic constitution of a chromosome. Often, the allelic 
composition of one or a few linked genes under investigation. Or a set of genes at 
more than one locus inherited by an individual from one of its parents. It is the 
multilocus analog of an allele. 
Heterozygosity: A measure of genetic variation in a population calculated either as the 
mean frequency of heterozygotes over all loci (observed heterozygosity), or as the 
mean frequency of heterozygotes expected in a population in Hardy-Weinberg 
equilibrium (expected heterozygosity or gene diversity). 
Heterozygote: A diploid individual with different alleles at the locus in question. 
LARWQCB: Los Angeles Regional Water Quality Control Board 
LC50: The concentration of test substance at which 50% of tested individuals live and 
50% die by the end of the test. 
Locus: A convenient term that denotes a physical position within a chromosome. The 
term can be used quite generally to denote a certain chromosomal region or it can 
be used more specifically to refer to small sectors of a chromosome. The term 
gene locus is also used to denote that portion of a chromosome's nucleotide 
sequence that constitutes a certain gene. 
Molecular diversity index: Mean number of differences between all pairs of haplotypes 
in the sample. 
NOAA: National Oceanic and Atmospheric Administration 
NP: The jetty in lower Newport Bay, one of my "clean" collection sites 
Olive Tail Moment: In the comet assay, (Tail mean location- Head mean location) times 
the percentage of migrated DNA in the tail. Equivalent to the torsional moment 
of the tail. A major advantage to Olive Tail Moment is that both the amount of 
damaged DNA and the distance of migration of the genetic material in the tail are 
represented by a single number. 
PAHs: Polycyclic Aromatic Hydrocarbons, commonly found as components of 
petroleum products. 
PCBs: Polychlorinated biphenyls. Were formerly commonly used as coolants and 
lubricants in industrial devices. 
PH: Port Hueneme Harbor, one of my "impacted" collection sites 
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Polymorphism: The possession of more than one allele at a locus within a population. 
Sometimes it is defined as the condition of having more than one allele with a 
frequency of over 5% in the population. 
Rarefaction analysis: A statistical method for estimating the number of species 
expected in a random sample of individuals taken from a collection. It answers 
this question: if the sample had consisted of n individuals randomly selected from 
a population of size N (n<N), what number of species would likely have been 
seen? Note that if the total sample has S species and N individuals, the rarefied 
sample must always have n<N and s<S. This solves the problem that frequently 
arises in comparing community samples that are based on different sample sizes, 
by standardizing all samples to the same size. First proposed by Sanders (1968). 
RFLP: Restriction Fragment Length Polymorphism 
SCB: The Southern California Bight 
SMW: The California State Mussel Watch - a marine-pollution alert program. Mussels 
make ideal standard pollution sampling devices because they have a world-wide 
distribution and they feed by filtering gallons of sea water every day. By sampling 
their tissues, researchers can compare pollution levels from all over the world. 
Squared euclidean distance: For measuring dissimilarity. The sum of the squared 
differences between the values for the items. 
Standard diversity index: Equivalent to the expected heterozygosity for diploid data. It 
is defined as the probability that two randomly chosen haplotypes are different in 
the sample. 
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Tail % DNA: In the Cornet assay, the percent of the total DNA found in the tail. It is 
calculated as 100 - Head % DNA 
Tail Extent: Similar to Tail Length in the Cornet assay. Tail Extent measures from the 
back of the head to the end of the tail, while Tail length measures the distance 
between the center of the head and the end of the tail. 
Tail / Head (L/I1): In the Comet assay, Tail extent / Head extent. The ratio of the tail 
length to head diameter. 
Tail Length: In the Comet assay, a measure of the distance between the center of the 
head and the end of the tail. 
Tris: Tris[hydroxymethyl]aminomethane 
TBT: Tributyltin, an antifouling agent often used in boat paints. 
UPGMA: Unweighted Pair-Group Method using Arithmetic Averages. A form of 




A DESCRIPTION OF THE STUDY SITES 
Port Hueneme (Figure 1.3) is a medium-sized harbor located in Ventura County about 
105 km northwest of Los Angeles Harbor. The existing harbor was originally constructed 
by local interests and subsequently acquired by the U.S. Navy. In 1961, the Navy 
retuned the original wharf and adjacent land to the Oxnard Harbor District. The 
construction of a majority of the harbor was completed in 1975. The harbor now 
occupies a total of 0.49 km' and has two major branches, with the northern branch 
reserved for Navy vessels and the east branch used for commercial purposes. The 
commercial side generally serves ocean-going cargo vessels and oil supply boats which 
serve oil platforms in the Santa Barbara Channel. A good deal of ship traffic, both from 
the Navy and from large and small commercial boats, uses the harbor. In addition, the 
harbor is completely surrounded by the Oxnard/Ventura urban area. The mean range of 
tides at Port Hueneme is 1.23 m, and the diurnal range is 1.8 m in a harbor of from 10 to 
13 m deep. (U.S. National Ocean Service, Coastal Survey, 1997). Tidal streams or 
currents do not affect the harbor. No major freshwater streams enter the harbor but a 
number of stormwater drains from the surrounding urban area do. Sediment core samples 
analyzed in 1985 as part of a proposed dredge project indicated relatively low levels of 
metals and pesticides, with pesticides below the analytical detection limits 
(LARWQCB,1995). Few other sources of information exist on water quality in the port 
outside of work conducted by the State Mussel Watch (SMW) and the BPTCP. Recent 
PAH analyses of transplanted mussels conducted by the SMW program have indicated 
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high levels of PAH on both the commercial and Navy sides of the harbor. In addition, the 
BPTCP detected elevated zinc and PCBs on the commercial and Navy sides of the port, 
respectively. A 1998 SMW TBT study revealed elevated levels of TBT in oyster and 
mussel tissue, moderately high levels of TBT in the water column, and slightly increased 
mortality with some chambering or stunting. In terms of pollutant concentrations and 
their effects, this harbor is the least well studied in the Los Angeles Region 
(LARWQCB,1995). Port Hueneme has been put on the U.S. EPA 303 (d) list of 
impaired water bodies by the LARWQCB due to sediment pollution and toxicity (Final 
Report, 1998). For this study I selected the commercial branch of the harbor as one of my 
impacted sites. 
Long Beach and Los Angeles Harbors (Figure 1.4), although divided by a political 
boundary, form a single geographic and economic water-terminal entity and serve the 
same inland region. The harbors occupy a major part of San Pedro Bay, and are located 
approximately 37 km south of the business center of the city of Los Angeles. The 
distance over San Pedro Bay between the entrances to Long Beach and Los Angeles 
Harbors is about 6.4 km. In 1771, the Spanish established a mission 64 km inland from 
San Pedro. Mission monks were the first traders to use the harbor. The Spanish 
prohibited settlers from conducting business with other countries, restricting their trade to 
two ships a year carrying goods from Spain's House of Trades. Despite restrictions, San 
Pedro prospered. The first American trading ship to call at San Pedro was in 1805. In 
1822, an independent Mexican government lifted oppressive trade restrictions and San 
Pedro became a robust commercial center. California came under American control in 
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1848 and from that time business at San Pedro harbor has been booming. In 1907, the 
Port of Los Angeles was officially founded with the creation of the Los Angeles Board of 
Harbor Commissioners. The port and harbor have been modified over the course of more 
than one hundred years, including extensive construction of breakwaters, landfills, slips 
and wharves, along with channelization of drainages, dredging of navigation channels, 
and reclamation of marshland. The harbor complex now comprises an major deepwater 
port occupying 5.099 km' with an extensive network of channels and wharves and heavy 
industrial activity, including tank farms, fish processing plants, boatyards, and container 
terminals as well as several small boat marinas. Combined, the ports of Long Beach and 
Los Angeles represent the third busiest container port complex in the world. The volume 
of all forms of cargo has increased nearly 60% between 1992 and 1996, and now equals 
at least 57 million tons a year. The top five imports are crude petroleum, petroleum oils, 
iron and steel shapes, ethers ,and banana and plantains, while the top five exports are 
coal, petroleum coke, petroleum oils, iron and steel scrap, and waste paper (Port of Los 
Angeles web site). 
The mean range of tide in Los Angeles Harbor is 1.27 m; in Long Beach harbor the mean 
range is 1.23 m. The range between mean lower low water and mean higher high water is 
about 1.8 m for both harbors. A range of about 3 m may occur at times of maximum 
tides. The time of tide is about the same for Los Angeles and Long Beach Harbors. Inner 
harbor circulation fluctuates with tidal flow, with less mixing than in the outer harbor. 
These patterns result in the greatest flushing rates due to tides occurring at the harbor 
entrances. The lowest flushing rates are in the Cerritos Channel, Middle Harbor, and 
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Main Channel (CSWRCB, 1998). The depth of Los Angeles Harbor where my 
collection sites are is about 12 to 15 m (U.S. National Ocean Service, Coastal Survey, 
1998). 
Two large, primarily concrete-lined rivers (the Los Angeles and San Gabriel rivers) lead 
to tidal prisms influenced by marine waters and eventually empty into the Los 
Angeles/Long Beach harbor complex. These seasonal rivers drain large urban areas about 
4000 km2 and composed primarily of impermeable surfaces such as asphalt and concrete. 
In addition, several of these tidal prisms receive a considerable amount of freshwater 
throughout the year from publicly-owned sewage treatment plants. The entire area 
surrounding the harbor complex is heavily urbanized, and a number of active oil wells are 
also in use within and next to the harbor. 
The Dominguez Channel drains the intensely urbanized area west of the Los Angeles 
River into the Consolidated Slip of the Los Angeles inner harbor, carrying with it mostly 
urban runoff and nonprocess industrial waste discharges. Waste discharges to the inner 
harbor area of Los Angeles Harbor consist of contact and noncontact industrial cooling 
waste water, stormwater runoff, fuel spills, and oil spills from marine vessel traffic or 
docking facilities, as well as drainage from several industrial sites. Several areas of the 
Los Angeles/Long Beach Harbor complex have been put on the U.S. EPA 303(d) list of 
impaired water bodies by the Los Angeles Regional Water Quality Control Board 
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(LARWQCB): the Dominguez Channel Estuary was listed because beneficial uses are not 
supported for aquatic life due to sediment pollution and benthic community impairment; 
Consolidated Slip was listed due to sediment pollution and toxicity, benthic community 
impairment, and bioaccumulation;_Southwest Slip due to sediment toxicity; and the 
Cabrillo Pier area because of sediment pollution, sediment toxicity and bioaccumulation 
of organic chemicals in fish and shellfish tissues (LARWQCB Final Report, 1998). I 
selected two sites within the harbor complex for impacted sites. The first site, "Fire 
Station", is in the Los Angeles portion of the harbor at the confluence of the Consolidated 
Slip, Cerritos Channel, and East Basin Channel and directly downstream from the 
Dominguez Channel. The second site, "Fireboat", is in the Long Beach portion near the 
confluence of Back Channel and the Long Beach Inner Harbor, below the Ocean 
Boulevard bridge to the east end of Terminal Island. 
Newport Bay (Figure 1.5), adjacent to the cities of Newport Beach and Corona del Mar, 
is one of the largest small craft harbors in Southern California. Containing approximately 
10,000 small craft, the Bay (about 5 km') is split into upper and lower bays. Upper 
Newport Bay is owned and managed by the State Department of Fish and Game as a State 
Ecological Reserve and is off limits to most boat traffic. Lower Newport Bay is heavily 
developed with housing, hotels, restaurants, marinas, and light marine industry such as 
boatyards and fuel docks and provides moorage for numerous small boats. The Newport 
Bay watershed encompasses 247.79 km' with San Diego Creek being the largest 
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tributary. Included among several smaller tributaries draining into the system are the 
Santa Ana-Delhi Channel and Big Canyon Wash. Newport Bay was formerly the mouth 
of the Santa Ana River, but the river has been diverted and now enters the ocean via a 
canal to the north of the bay. Lower Newport Bay averages about 4 to 5 m deep. Depth 
near my jetty site is 3 m, while near my Balboa Island site it is about 2 m (U.S. National 
Ocean Service, Coastal Survey, 1998). 
Pollution problems in Newport Bay include pesticides and herbicides entering the system 
from urban runoff and agriculture runoff into the tributary creeks. High levels of trace 
metals have been detected in San Diego Creek and at certain locations in the bay. 
Toxicants associated with sedimentation from urban erosion and tributary creeks have 
also been identified (Santa Ana Regional Water Quality Control Board (SARWQCB), 
date). Other toxicant sources include boatyard and fueling operations, small craft 
discharges, and storrnwater runoff Several sites in the northwestern end of the lower bay 
have been recently listed as toxic hot spots due to total chlordane concentrations, DDE 
concentrations, copper, mercury, zinc, and total PCB concentrations, and observed 
toxicity to some marine invertebrates as well. Two sites, one impacted and one clean site, 
within Newport Bay were selected for this study. The impacted site was on the north 
shore of Balboa Island, near the confluence of upper and lower Newport Bay and in a 
very densely populated urban area with large numbers of pleasure boats. The clean site 
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was on the inner margin of the Newport Jetty near the bay entrance, a site regularly 
flushed by tidal flow from the ocean and with neither houses nor marinas nearby. 
Dana Point (Figure 1.6) is an artificial harbor in Orange County, south of the urbanized 
Los Angeles basin. Total area is about 0.66 km2. The inner harbor, next to the town of 
Dana Point, is used almost exclusively by small boats. No major streams empty into the 
harbor. The outer harbor is about 7 m deep (U.S. National Ocean Service, Coastal 
Survey, 1998). It is unoccupied and is used as a passage to the open ocean. A boulder 
jetty protects this outer harbor from wave action. Slightly elevated levels of TBT due to 
antifouling paint from boats have been measured in several sediment samples from the 
inner harbor. No samples have been reported from the outer harbor, which presumably 
has had little impact since boats do not moor there and the area is well flushed. My Dana 
Point site, a clean site, is located in outer Dana Point Harbor. 
Catalina Harbor (Figure 1.7) is a moderately-sized (about 0.58 km2 ) natural harbor on 
the south (seaward) side of the northwest end of Catalina Island. Since it is on the 
seaward side of an offshore island which was long held privately by the Wrigley family 
and now is controlled by the Catalina Island Conservancy, it is probably the least 
impacted harbor in the SCB. The harbor is shallow and mud-bottomed, being 6m deep in 
the entrance channels and 3m deep in the inner basins (U.S. National Ocean Service, 
Coastal Survey, 1992).. No major streams drain into it. The harbor is presently used for 
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a relatively small number of seasonal boats and a few yacht clubs. Across the narrow 
isthmus from Catalina Harbor is a wide bay, Isthmus cove, bordered by the small village 
of Two Harbors. Most of Isthmus cove is from 20 to 50 m deep (U.S. National Ocean 
Service, Coastal Survey, 1992). It is fully exposed to the ocean but is on the leeward side 
of the island so it is protected. Tidal flushing is thorough. Many pleasure boats moor in 
the cove, especially during the summer season. No toxic samples have been reported 
from either Isthmus cove or Catalina Harbor. Together these two bays comprise my 
Catalina clean site. Mussels were collected from Catalina Harbor. However, since 
another species of barnacle, Tetraclita rubescens, almost completely dominates the 
barnacle species in the harbor, I was not able to collect Balanus glandula there. Instead I 




Chemical constituents included in totals of data reported by the Bay Protection and Toxic 
Cleanup Program (BPTCP, 1998). PAH = polycyclic aromatic hydrocarbons. 
PCB = polychlorinated biphenyls. PCB's marked with an asterisk (*) are part of the 
BPTCP basic "NIST Organic Scan"; others were tested for only as requested. 
Total Metals: 	 Total PAH: 
aluminum 	 acenaphthylene 
antimony anthracene 
arsenic 	 benz[a]anthracene 
cadmium benzo[a]pyrene 
chromium 	 benzo[b] fluoranthene 
copper benzo[k]fluoranthene 
iron 	 benzorghflperylene 
lead benzo[e]pyrene 
manganese 	 biphenyl 
mercury chrysene 
nickel 	 coronene 
silver dibenz[a,Nanthracene 
selenium 	 debenzothiophene 



































































































APPENDIX 3, Continued 
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APPENDIX 4 
MATERIALS AND SOLUTIONS USED IN THE COMET ASSAY 
1X Electrophoresis Buffer 	 11\4 Tris pH 7.5  
10 N NaOH 	54 ml 	 Tris base 	121.1 g 
0.2M EDTA 	 9 ml 	 HC1 (concentrated) 	63 ml 
DW (deionized water)1737 ml 	 DW 	 — ml 
Final volume 1800 ml 	 Final volume 	1000 ml 
(Keep cold) 	 (Check pH and adjust as needed) 
10 N NaOH (Cool on ice) 
	
0.4 M Tris pH 7.5  
NaOH 	400 g 	 1M Tris pH 7.5 	240 ml 
DW 	 ml 
	
DW 	 360 ml 
Final volume 1000 
	
Final volume 	600 ml 
Lysis Stock Buffer 
NaC1 	146.4 g (2.5 M) 
EDTA 	37.2 g (0.1 M) 
Tris-HC1 	1.2 g (0.01M) 
Combine chemicals in 500 ml ddH20 (Double distilled water), then adjust pH to 
10 with 8 - 12 g solid NaOH. You may choose to add 10 g (— 1% w/v) sodium 
sarcosinate (Sarkosyl). Bring volume to 890 ml with ddH20 and filter sterilize 
with 0.45 gm filter. 
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Lysis Working Buffer (Keep cold) 
Lysis Stock Buffer 	 267 ml 
DMSO (Dimethyl Sulfoxide) 	30 ml 
Triton X-100 	 3 ml 
Final volume 	 300 ml 
Kenny's Salt Solution 
NaCl 	 23.5g 
KC1 	 0.7g 
1(211PO4 	 0.1 g 
NaHCO3 	 0.2g 
DW 	 ml 
Final volume 	1000 ml 
Adjust to pH 7.5. Filter sterilize and store at 4 'C. 
0.65% - 1% NMAgarose (Normal Melting Agarose)  
NMAgarose 	 0.65 g 
1X TAE (For mussels) 	100 ml 
(Agarose: Fisher Agarose Low EEO Electrophoresis Grade #BP 160-100) 
0.65% LMAgarose (Low Melting Agarose) in Kenny's solution 
LMAgarose 	0.65 g 
Kenny's Solution 	100 ml 
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50X TAE (Tris -Acetate EDTA) -for use with hemolymph)  
Tris base 	 242 g 
Glacial acetic acid 	57.1 ml 
0.5 M EDTA pH 8.0 	100 ml 
DW to final volume 	1000 ml 
1X TAE 
Dilute 50X TAE 1: 50 
50X TAE 	10 ml 
DW 	490 ml 
EtBr (Ethidium bromide) Stain (Stock)  
EtBr (Ethidium bromide) 	10 mg 
DW 	 1 ml 
EtBr (Ethidium bromide) Stain (Working)  
EtBr stock solution 	10 [11 
DW 	 5 mi 
Weigh in a hood. Store light-protected at room temperature or at 4 °C. 
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APPENDIX 5 
MATERIALS AND PROCEDURES USED IN RAPD-PCR 
I. 	"Salting out" method for isolating DNA (Miller, et al.1988) 
a. Organism and tissues 
organism 	 tissue 
mussel 	 gill 
barnacle 	 entire body except cirri 
b. Materials 
Lysis buffer (pH 8.2): 	 10% SDS: 
10 mM Tris-HC1(FW=121.11) 	 lOg SDS 100m1 df120 
400 mM NaCI(FW=58.5) 
2mM Na2EDTA(FW=372.2) 
Protease K solution 	 TE (Tris-EDTA)buffer (PH 7.5): 
0.01 g protease K 	 10 mM Tris-HCI 
0.5 ml 10% SDS 	 0.2 mM Na2EDTA 
4.5 ml 2mM Na2EDTA (PH 8.2) 
Keep it at -20°C. 
6M NaCl (FW58.44) 	 100% Ethanol 
0.25% Blue juice (bromophenol blue) 
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c. Procedure 
I. 	Remove the tissue (about 0.2 g 0.5 g) and wash it with lysis buffer. 
Freeze in 200 IA lysis buffer for storage if needed. 
2. Homogenize the tissue in 1.5 ml microcentrifuge tube on ice; 
3. Add lysis buffer 	 300 p1 and vortex, 
10% SDS (Sodium dodycyl sulfate) 	30p1 and vortex, 
protease K solution 	 70 pl and vortex; 
Note: The relative amounts of solutions can be adjusted as 
needed. For example, for barnacles: 100 p1 lysis buffer, 20 
pl 10% SDS and 40 p1 protease K solution. 
4. Put the mixture in a shaker bath and digest overnight (about 15 hours) at 
about 40°C - 55°C. 
5. Add 175 11.1 6M NaC1 salt to each tube and shake the tubes vigorously for 
15 seconds; 
6. Spin10 minutes or more at speed setting 2.5 in the microcentrifuge (Fisher 
Scientific Model 59A); 
7. Transfer the supernatant containing the DNA to another 10 ml tube; 
8. Add 2 volumes cool (4°C) absolute ethanol to the supernatant to 
precipitate DNA; 
9. Spool the DNA and dry for 30 minutes at room temperature, then dissolve 




10. Let the DNA dissolve in TE buffer for 30 minutes to 1 hour at room
temperature, store at 4 °C.
The PCR reaction mixture 
Reaction mixture (25 µl): 
1. 0.16 µl Taq polymerase ( Promega kit, 5 units/µl. in storage 
buffer A) 
2. 1 µl target or genomic DNA (5 - 15 ng DNA) 
3. 1 µl primer (Operon, 33 µg/ml) 
4. 2 µl MgC12 (Promega kit, l 9mM) 
5. 2.5 µl buffer (Promega kit, 1 OX) 
6. 2.5 µl dNTP mix (Epicentre Technology, 2.5mM) 
(dNTP: dATP, dTCP, dCTP and dGTP) 
7. 15.84 µl ddH20 
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